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SYMPOSIUM  CCMMITTEE 


fcItTier  F Ciodwin,  Chairman.  USA  CORADCOM  (201 ) b44-2770 

Milton  len/er,  Oi-Chairman.  USA  CORADCOM  (201)  b44  4834 

Adolf  Asam.  ITT  Electro  Optical  Products  Division 

Marla  f arago.  Northern  Telecom  Ltd 

F M Farrell.  3M  Company 

Irving  Kolixlny,  (Teneial  Cable  Corp 

Stierman  Kottle.  Dow  Chemical  USA 

Tush  McGillen.  Icore  Inipinalional 

Joe  Neigh.  AMP  Inc 

F rank  Stwrt.  Belden  Corp 

George  U Websirn  Bell  I aboiatories 
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PAPERS 

Responsibility  for  the  contents  rests  upon  the  authors  and  not  the  symposium 
Committee  or  its  members  After  the  symposium  all  *he  publication  rights  of  each 
pa(X!r  are  reserved  by  their  authors,  and  reguests  tor  republication  of  a paper 
should  be  addressed  to  the  appropriate  author  Abstracting  is  permitted,  and  it 
would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are 
republished  Requests  tor  individual  copies  ol  papers  should  be  addressed  to  the 
authors 


MESSAGE  FROM  THE  CHAIRMAN  AND  CO-CHAIRMAN 


Once  again  it  is  your  chairman's  and  co-chairman's  pleasant  duty  to 
welcome  you  to  another  International  Wire  and  Cable  Symposium.  This  Is 
the  26th  annual  session  and  the  third  at  Cherry  Hill.  Official  registra- 
tion at  last  year's  silver  anniversary  meeting  was  a record  1614,  eclipsing 
the  previous  year's  high  mark  bv  over  15X,  the  largest  such  Increase  in 
the  symposium's  history.  Non  United  States  attendance  also  marked  a new 
high  of  170  registrants  from  27  different  countries.  Ten  of  these  countries 
presented  a total  of  23  technical  papers.  Representatives  from  United 
States  government  agencies  presented  or  co-authored  six  papers.  The  re- 
maining papers,  approximately  SOX  of  the  total,  came  from  United  States 
industrial  organizations.  We  can  be  justly  proud  of  attracting  such  a 
representative  cross  section  of  wire  and  cable  expertise  from  all  over  the 
world. 

Judging  from  the  response  to  the  call  for  papers,  the  participation 
and  Interest  In  this  year's  symposium  will  at  least  equal  last  year's 
enthusiastic  experience.  A total  ot  58  technical  papers  covering  a broad 
spectrum  of  wire  and  cable  subjects  will  be  presented.  This  year's  sym- 
posium opens  with  a timely  tutorial  session  entitled  "Metrication  - Smooth 
Change  or  Crisis", 

The  symposium  committee  agreed  to  extend  the  term  of  office  of  Its 
members  from  three  to  four  years.  Consequently,  there  are  no  retirements 
of  committee  members  this  year.  The  chairman  and  co-chairman  wish  to  take 
this  opportunity  to  express  their  appreciation  to  all  the  committee  members 
and  to  representatives  of  government  activities  and  the  many  Individual 
organizations  for  their  sustained  efforts  and  cooperation  in  contributing 
to  the  present  success  of  this  symposium.  The  future  success  of  this 
symposium  and  the  mutually  beneficial  rewards  derived  therefrom  depend  on 
the  continued  support  of  all  associated  with  this  endeavor. 


PROCEEDINGS 


INTERNATIONAL  WIRE  & CABLE  SYMPOSIUM 
BOUND-AVAILABLE  AT  CORADCOM 


20th  International  Wire  & Cable  Symposium  Proceedings  — 1971  — 

21st  International  Wire  & Cable  Symposium  Proceedings  — 1972  — 

22nd  International  Wire  & Cable  Symposium  Proceedings  — 1973  — 

23rd  International  Wire  & Cable  Symposium  Proceedings  — 1974  — 

24th  International  Wire  & Cable  Symposium  Proceedings  — 1975  — 

26th  International  Wire  & Cable  Symposium  Proceedings  — 1977  — 

Extra  Copies— 1 -3  SIO  00,  next  4-10  S9  00,  next  1 1 and  above  S5  00  each 
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S 700 
S 800 
S1000 
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Make  check  or  bank  dratt  PAYABLE  m US  dollars  to  the  INTERNATIONAL 
WIRE  & CABLE  SYMPOSIUM  and  forward  request  to 

Mr  E F Godwin.  Chairman 
International  Wire  & Cable  Symposium 

US  Army  Communications  Research  & Development  Command 

ATTN  DRSEL-TL-ME 

Fort  Monmouth.  New  Jersey  07703 

USA 


PHOTOCOPIES-AVAILABLE  AT  DEPARTMENT  OF  COMMERCE 


Photocopies  are  available  for  complete  sets  of  papers  for  1 964  and  1 966  thru 
1976  Information  on  prices  and  shipping  charges  should  be  requested  from  the 


US  Department  of  Commerce 
National  Technical  Information  Service 
Springfield.  Virginia  22151 
USA 


Include  title,  year  and  AD  " number 


13th  Annual  Wire  & Cable  Symposium  (1964)  — 

15th  Annual  Wire  & Cable  Symposium  (1966)  — 

16th  International  Wire  & Cable  Symposium  (1967)  — 

17th  International  Wire  & Cable  Symposium  ( 1 968)  — 

1 8th  International  Wire  S Cable  Symposium  ( 1 969)  — 

19th  International  Wire  & Cable  Symposium  Proceedings  1970  — 

20th  International  Wire  & Cable  Symposium  Proceedings  1971  — 

21st  International  Wire  & Cable  Symposium  Proceedings  1972  — 

22nd  International  Wire  & Cable  Symposium  Proceedings  1973  — 
23rd  International  Wire  & Cable  Symposium  Proceedings  1974  — 
24th  International  Wire  & Cable  Symposium  Proceedings  1975  — 
25th  International  Wire  & Cable  Symposium  Proceedings  1976  — 
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.f*' 


Guest  speaker  Mr  John  L Swigert,  Jr  Executive 
Director  of  the  House  Committee  for  Science  and 
Technology 


Dr  C G Thornton  Director.  Electronics  Technology 
and  Devices  latxiratory.  Fort  Monmouth  welcoming 
attendees  at  the  biinquet 


HIGHLIGHTS  OF  THE  25th 
INTERNATIONAL  WIRE  AND  CABLE 
SYMPOSIUM 


November  16.  17.  18.  1976 
Cherry  Hill  Hyatl  House  Cherry  Hill.  N J 


Former  committee  members  F Horn  and  M Lipton 
attending  Silver  Anniversary  Jubilee 


James  Kanely  and  Joseph  M Flanigan.  Retiring  IWCS 
Committee  Members 


T S Choo  3M  Company.  Outstanding  Technical 
Patx;r.  and  J Wimsey.  US  Airforce.  Best  Presentation 
receiving  awards  from  E F Godwin.  Symposium 
Chairman 


AWARDS 


Outstanding  Technical  Paper 


Best  Presentation 


H Lubars  and  J A Olszewski  General  Cable 
Corp—  Analysis  of  Structural  Return  Loss  in  CATV 
Coaxial  Cable ' 

1968 

N Dean  BtCC— "The  Oevetopmeni  ol  Fully  Filled 
Cables  tor  the  Dtslnbolion  Network 

J B McCann.  R Sabia  and  B Wargot/,  Bell 
Laboratories— 'Characterization  of  Filler  and  Insulation 
in  Waterproot  Cable 

1969 

J D Kirk  Alberta  Governmeni  Telephones-  Progress 
and  Fhifails  of  Rural  Buried  Cable 

D E Setzer  and  A S Windeler,  Bell  Laboratories—  A 
Low  Capacitance  Cable  for  the  T2  Digital  Transmission 
Line 

1970 

D»  0 Leuchs  Kabte  and  Metaiwerke-"A  New  Sell- 
Extinguishing  Hydrogen  Chloride  Binding  PVC  Jacket- 
ing Compound  lor  Cables 

R lyenger,  R McClean  and  T McManus.  Bell  Northern 
Research—  An  Advanced  Multi-Unil  Coaxial  Cable  for 
Tool  PCM  Systems' 

1971 

S Nordbiad  Teietonaktieboiagei  LM  Eticsson- 
Multi-Paired  Cable  ol  Nonlayer  Design  lor  Low 
Capacitance  Unbalance  Telecommunication  Network 

N Ko|ima  Nippon  Telegraph  and  Telephone—'  New 
Type  Paired  Cable  tor  High  Speed  PCM  Transmission 

J B Howard  Bell  Laboratories-  Stabilization  Prob- 
lems with  Low  Density  Potyethylene  Insulations 

1972 

S Kaulman.  Bell  Laboratories—  Reclamation  ot 
Waler-l  ogged  Buried  PIC  Telephone  Cable 

Dr  H Martin.  Kabelmetal—  High  Power  Radio 
Frequency  Coaxial  Cables.  Their  Design  and  Rating 

1973 

R J Oakley  Northern  Electric  Co  . Ltd — A Study  into 
Paired  Cable  Crosstalk” 

D Doty  AMP  tnc  — "Mass  Wire  Insulation  Displacing 
Termination  of  Flat  Cable  " 

1974 

G H Webster  Bell  Laboratories-  Material  Savings  by 
Design  in  Exchange  and  Trunk  Telephone  Cable 

T S Choo  Dow  Chemical  U S A — "Corrosion  Studies 
on  Shielding  Materials  for  Underground  Telephone 
Cables 

1975 

J E Wimsey.  United  Slates  Airforce—  The  Bare  Base 
Electrical  Systems 

N J Cogelia.  Bell  Telephone  Laboratories  and  G K 
Lavoie  and  J F Glahn.  US  Department  of 
Interior— "Rodent  Biting  Pressure  and  Chemical  Action 

1976 

Michael  DeLucia.  Naval  Ship  Research  and  Develop 
merit  Center—'  Highly  Fire  Retardant  Navy  Shipboard 
Cable 

and  Their  Effects  on  Wire  and  Cable  Sheath'  H 


CONTRIBUTORS 


Abbey  Plastics  Corp. 

Hudson.  Massachusetts 

Abbott  Industries,  Inc. 

Leominster.  Massachusetts 

AFA  Industries 

Arnold  Field  Associates 

Hackensack.  New  jersey 

Allied  Chemical  Corporation 

Specialty  Chemicals  Division 

Morristown,  New  Jersey 

American  Hoechst  Corporation 

Somerville,  New  Jersey 

AMP  Incorporated 

Harrisburg,  Pennsylvania 

The  Anaconda  Company 

Aluminum  Division 

Louisville.  Kentucky 

The  Anaconda  Company 

Overland  Park,  Kansas 

The  Anaconda  Company 

Wire  and  Cable  Division 

Marion.  Indiana 

Andrew  Corporation 

Orland  Park.  Illinois 

ARCO  Chemical  Company 

Division  of  Atlantic  Richfield  Company 

Philadelphia.  Pennsylvania 

ARCO  Polymers 

Philadelphia.  Pennsylvania 

Arvey  Corporation 

Jersey  City.  New  Jersey 

Austral  Standard  Cables  Pty.  Limited 

Melbourne.  Victoria.  Australia 

Autometrix  Division 

Systems  Research  Laboratories 

Dayton.  Ohio 

Belden  Corporation 

Geneva.  Illinois 

Bendix 

Electrical  Components  DIv. 

Sidney.  New  York 

Berk-Tek,  Inc. 

Reading,  Pennsylvania 

BICC  Telecommunication  Cables  Ltd. 

Prescot,  Merseyside,  England 

Borden  Chemical  Company 

Leominster.  Massachusetts 

Boston  Insulated  Wire  and  Cable 
Company,  Limited 

Hamilton,  Ontario,  Canada 

Brand-Rex  Company 

Willimantic.  Connecticut 


Buchanan  Crimp  Tool  Products 

Unton  New  Jersey 
Burgess  Pigment  Company 
Sarviefsville.  Georgia 
Bun>dy  Corporation 
Norwalk  Connecticut 
BUSS-CONDUX.  Inc. 

Elk  Grove.  Illinois 

Cable  Consultants  Corporation 

Larchmonl.  New  York 

Cables  de  Comunicaciones  S.A. 

Zarago/a.  Spam 

Cablewave  Systems  Inc. 

North  Haven.  Connecticut 
Cabot  Corporation 
Boston.  Massachusetts 
Camden  Wire  Co.,  Inc 
C'amden.  New  York 
Campbell  Technical  Waxes  Ltd. 
Craytord.  Kent.  England 
Canada  Wire  and  Cable  Limited 
Winnipeg,  Manitoba.  Canada 
Canadian  Industries  Limited 
Brampton,  Ontario.  Canada 
Carlew  Chemicals  Ltd. 

Montreal,  Quebec,  Canada 
R.  E.  Carroll.  Inc. 

Trenton  New  Jersey 
Cary  Chemicals.  Inc. 

Edison  New  Jersey 
Central  Tool  & Machine  Co.,  Inc. 
Bridgeport  Connecticut 
Chase  & Sons.  Inc. 

Randolph  Massachusetts 
Cimco  Wire  & Cable  Iik:. 
Allendale  New  Jersey 
Cities  Service  Company 
Chester  Cabie  Operations 
Chester.  New  York 
C&M  Corporation 
Wauregan,  Connecticut 
Colorite  Plastics  Co. 

Division  Dari  Industries,  Inc. 
Ridgefield.  New  Jersey 
Comm /Scope  Company 
Catawba,  North  Carolina 
Coneica,  S.A. 

El  Salvador 

CONOCO  Chemicals 
Houston.  Texas 
DalnIchl-NIppon  Cables.  Ltd. 

Osaka,  Japan 


Oardanio  Manuli  S.p.A. 

Hrugheiio  (Ml).  Italy 
Davis-Standard  Division  o( 

Crompton  & Knorvles  Corporation 
Pawcaluck,  Connecticut 
DCM  International  Corporation 
San  Leandro,  Calilornia 
Delphi  Electronics  Inc. 

Fcicrott.  Pennsylvania 
Disco  Inc. 

Ringwood  New  Jersey 

Dodge  Fluorglas  Division 

Hoosick  Falls.  New  York 

Dow  Chemical  USA 

Midland.  Mich 

Dow  Corning  Corporation 

Midland  Michigan 

Du  Pont  Company 

Wilmington.  Delaware 

Dussek  Bros.  (Canada)  Limited 

Belleville.  Ontario.  Canada 

Eastman  Chemical  Products,  Inc. 

Kingsprort  Tennessee 

Economy  Cable  Grip  Company,  Inc. 

South  Norwalk.  Connecticut 

Edmands  Div.  Wanskuck  Company 

Providence.  Rhode  island 

Elco  Corporation 

El  Segundo.  California 

Electroconductores  C.A. 

1 as  Palmas  Caracas  Venezuela 
Emery  Industries.  Inc. 

Cincinnati.  Ohio 

Engelhard  Minerals  & Chemical  Corp. 

Edison.  New  Jersey 

The  Entwistle  Company 

Hudson  Massachusetts 

Essex  Group 

Decatur.  Illinois 

Etudes  & Fabrications 

New  York  New  York 

Exxon  Chemical  Company  U.S.A. 

Houston.  T^xas 

Fabficon  Manufacturing  Limited 

Trenton.  Ontario.  Canada 

Felten  & Guilleaume  Carlswerk  AG 

Koln.  Germany 

Firestone  Plastics  Company 
Pottslown.  Pennsylvania 
FMC  Corporation 
Philadelphia.  Pennsylvania 
Formulabs  Industrial  Inks,  Inc. 
Escondido.  California 
Foster  Grant  Company,  Inc. 

Subsidiary  ol  American  Hoechst  Corp. 
I eominster.  Massachusetts 
Franklin  Plastics  Corporation 
Bound  Brook  and  Kearny.  New  Jersey 
The  Fujikura  Cable  Works,  Ltd. 

Tokyo.  Japan 


The  Furukawa  Electric  Co.,  Ltd. 

Tokyo.  Jap<in 

Gavitt  Wire  & Cable  Company 
Brookfield  Massac fiusetts 
Gem  Gravure  Co.,  Ittc. 

West  Hanover  Massachusetts 
Getwral  Cable  Corporation 
Colonia  New  Jersey 
General  Electric  Company 
Silicone  Products  Department 
Waterford  New  York 
Gerveral  Telephone  Company  of  the 
Northwest,  trtc. 

Everett  Wasfnngton 
BF  Goodrich  Chemical  Division 
Cleveland  Ohio 
W.  L.  Gore  & Associates,  Irtc. 

Newark  [Delaware 

Great  American  Chemical  Corporation 
Fitchburg  Massachusetts 
GTE  Service  Corporation 
Stamtord  Connecticut 
Harbour  Industries.  IrK. 

Shelburne  Vermont 
Hardman  Incorporated 
Belleville  New  Jersey 
Hatco  Chemical  Division 
W.  R.  Grace  & Co. 

Fords.  New  Jersey 
Hatco  Plastics  Division 
W.  R.  Grace  & Co. 

Brook.lyn  New  York 
Hercules  Incorporated 
Wilmington.  Delaware 
Hercules  Inc. /Scott  Wise 
Crowley.  Louisiana 
Hewlett-Packard 
Palo  Alto  California 
High  Voltage  Engineering  Corp. 
Burlington.  Mass 
Hitachi  Cable.  Ltd. 

Chiyoda-ku.  Tokyo  100.  Japan 
Huber  + Suhner  Ltd. 

Ptaeffikon  ZH.  Switzerland 
Hudson  Wire  Company 
Ossining.  New  York 
ICI  United  States  Inc. 

Wilmington.  Delaware 
Icore  Wire  & Cable 
Santa  Barbara,  California 
Independent  Cable 
Hudson.  Massachusetts 
Indeco  Peruana,  S.A. 

I ima.  Peru 
Innront  Corporation 
St  Louis,  Missouri 
Insulated  Wire,  Inc. 

Union.  New  Jersey 

International  Wire  Products  Company 

Wyckotf,  New  Jersey 


ITT  Cable-Hydrospace 

San  Diego,  California 

ITT  Cannon 

Santa  Barbara,  California 

ITT  Surprenant  Division 

Clinton,  Massachusetts 

Judd  Wire  Division 

Turners  Falls,  Massachusetts 

Kenrich  Petrochemicals,  Inc. 

Bayonne,  New  Jersey 

Lamart  Corporation 

Clifton,  New  Jersey 

Lamotite  Products 

Cleveland,  Ohio 

Laribee  Wire,  Inc. 

Camden.  New  York 

S.  A.  Lignes  Telegraphiques 
et  Telephoniques 

Conflans  Sainte  Hononne.  France 

Madison  Wire  & Cabie  Corporation 

Worcester.  Massachusetts 

Maillefer  Company 

South  Hadley.  Massachusetts 

Mark  Mor  Tool  & Die  Inc. 

Allenwood.  New  Jersey 

3M  Company 

St  Paul.  Minnesota 

Micro-Tek  Corporation 

Cinnaminson,  New  Jersey 

Mohawk  Wire  & Cable  Corporation 

Leominster,  Massachusetts 

Monsanto  Company 

Akron,  Ohio 

Monsanto  Industrial  Chemicals  Co. 

St  Louis.  Missouri 

The  Montgomery  Company 

Windsor  Locks,  Connecticut 

Samuel  Moore  and  Company 

Aurora.  Ohio 

H.  Muehlstein  & Co.,  Inc. 

Greenwich.  Connecticut 

Nesor  Alloy  Corporation 

West  Caldwell.  New  Jersey 

New  England  Printed  Tape  Co. 

Pawtucket.  Rhode  Island 

NKF  Kabel  B.V. 

Delft.  Netherlands 

N.L.  Industries 

Plastics  & Specialty  Chemicals 

Hightstown.  New  Jersey 

Nokia  Electronics,  Inc. 

Atlantc.  Georgia 

Nonotuck  Manufacturing  Company 

Soij'h  Hadley,  Massachusetts 

North  Anson  Reel  Company 

North  Anson,  Maine 

Northeast  Wire  Company,  Inc. 

Holyoke.  Massachusetts 

Northern  Telecom  Limited 

Lachine,  Quebec,  Canada 


'I 


The  Okonite  Company 

Providence  (Rumlotd),  Rhode  Island 

The  Okonite  Company 

Ramsey.  New  Jersey 

Olex  Cables  Limited 
Melbourne,  Australia 
Omega  Wire  Inc. 

Camden.  New  York 

OY  NOKIA  AB  Finnish  Cable  Works 

Helsinki  Finland 

Pacific  Electric  Wire  & Cable  Co.,  Ltd. 

Taiptei,  Taiwan.  Republic  of  China 

PENN  Color,  Inc. 

Doylestown.  Pennsylvania 

Pennwalt  Corporation 

Philadelphia.  Pennsylvania 

Penreco 

Butler,  Pennsylvania 

A.  E.  Petsche  Company,  Inc. 

Arlington,  Texas 

Phelps  Dodge  Communications  Company 

White  Plains,  New  York 

Phelps  Dodge  Copper  Products  Company 

Elizabeth.  New  Jersey 

Phelps  Dodge  International  Corporation 

New  York.  New  York 
Philadelphia  Insulated  Wire  Company 
Moorestown,  New  Jersey 
Phillips  Cables  Limited 
Brockville.  Canada 
Phillips  Chemical  Company 
(A  Division  of  Phillips  Petroleum  Co.) 
Bartlesville.  Oklahoma 
Pirelli  USA  Representative  Corporation 
New  York.  New  York 
Plastoid  Corporation 
New  York  New  York 
Plymouth  Rubber  Company,  Inc. 

Canton,  Massachusetts 
Plymouth  Wire  and  Cable  Company 
Worcester.  Massachusetts 
Polymer  Services,  Inc. 

East  Brunswick,  New  Jersey 
Prodelin  Inc. 

Hightstown.  New  Jersey 
Radix  Wire  Company 
Euclid.  Ohio 
Raychem 

Menlo  Park  California 

Reichhold  Chemicals,  Inc. 

Cooke  Division 
Hackettstown,  New  Jersey 
Reliabie  Electric  Company 
Franklin  Park.  Illinois 
Rexene  Polyolefins  Company 
Rexene  Styrenics  Company 
(Dart  Industries,  Inc.) 

Paramus.  New  Jersey 
The  Rochester  Corporation 
Culpeper,  Virginia 


J 


XII 


The  Rockbestos  Company 

New  Haven.  Cotinet  liciil 

John  Royle  and  Sons 

Paterson.  New  Jersey 

S.A.  Telecommunications 

Pans.  France 

Sartomer  Co. 

Westchester , Pennsylvania 

Schulz  Controls,  Inc. 

New  Haven.  Connecticut 

Shell  Chemical  Company 

Houston.  Texas 

Showa  Electric  Wire  & Cable  Co.,  Ltd. 

Kawasaki.  Japan 

Siemens  AG 

Munchen  West  Germany 

Southwest  Chemical  & Plastics  Company 

Seabrook.  Texas 

Southwire  Company 

Carrollton  Georgia 

Spargo  Wire  Company 

Rome  New  York 

Springborn  Laboratories.  Inc. 

Enfield,  Connecticut 
Sterling /Davis  Electric 
Wallingford.  Connecticul 
Storm  Products  Co. 

Inglewood.  California 
Sumitomo  Electric  Industries.  Ltd. 
Yokohama.  Japan 
Sun  Chemical  Corp. 

Paferson.  New  Jersey 

Sun  Petroleum  Products  Company 

(A  Division  of  Sun  Oil  Co.) 

Philadelphia.  Pennsylvania 
Superior  Cable  Corporation 
Hickory.  Norih  Carolina 

Albert  H.  Surprenant,  Inc. 

Jaffrey.  New  Hampshire 

Syncro  Machine  Company 

Perth  Amboy  New  Jersey 

Synthetic  Thread  Co. 

Bethlehem.  Pennsylvania 

Tamaqua  Cable  Products  Corporation 

Schuylkill  Haven.  Pennsylvania 

Technical  Coatings  Co. 

Nulley,  New  Jersey 

Teknor  Apex  Company 

Pawtucket.  Rhode  Island 


Teldor  Ltd. 

I)  N Je/r<HH  lsra«*l 
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Abstract 


Polymethyl  Pentene*!  (PMP)  was  originally 
developed  by  Imperial  Chemical  Industries,  Ltd. 

With  its  low  loss  characteristics,  high  insulation 
resistance,  high  dielectric  strength  and  high  melting 
point,  this  polymer  was  examined  for  use  as  elec- 
tronics wire  insulations  but  was  found  unsuited  for 
wire  insulations  because  of  its  low  flexibility. 

Mitsui  Petrochemical  Industries,  Ltd.  recently 
started  to  exclusively  produce  the  polymer  and 
improved  the  polymer  with  its  accumulated  poly- 
merization techniques.  Focusing  attention  on 
Mitsui's  new  PMP,  Dainichi-Nippon  Cables,  Ltd. 
has  conducted  research  on  new  PMP  to  explore  its 
application  to  electronics  wires.  Mitsui's  improved 
resin  has  satisfactory  flexibility  at  ambient  temper- 
ature as  well  as  the  outstanding  characteristics 
inherent  in  the  polymer.  Dainichi's  research  has 
been  directed  also  to  cold  flexible  PMP,  flame 
retardant  PMP  and  foamed  PMP  and  matured  to 
various  electronics  wires  of  excellent  properties. 
Cables  insulated  with  the  natural  polymer  are 
comparable  to  fluorocarbon  polymer  insulated  wires 
in  electrical  properties  and  supperior  to  XLPE  in 
heat  resistance.  Those  insulated  with  flame  retar- 
dant type  PMP  compounds  have  the  flame  retardancy 
of  UL  Specification,  "FR-1".  The  use  of  suitable 
chemical  blowing  agents  gives  satisfactory  insulation. 
The  wires  insulated  with  new  PMP  are  expected  to 
have  a service  temperature  of  about  130  C. 


1.  Introduction 


In  many  fields  particularly  for  use  as  elec- 
tronics wire  insulations,  it  has  been  strongly  desir- 
ed to  provide  new  inexpensive  materials  having  high 
electrical  properties  and  retaining  form  stability  at 
temperatures  of  up  to  200*C  or  higher.  Fluorocar- 
bon polymers,  although  excellent  insulation  materials 
for  wires,  are  expensive  and  are  therefore  still  in 
limited  use.  With  attention  centered  towards  the 
improved  high-melting  polyolefine,  polymethyl 
pentene-1  (PMP),  provided  by  Mitsui  Petrochemical 
Industries,  Ltd.  in  place  of  ICI,  ^ we  started 
research  on  applications  of  the  new  resin  to  elec- 
tronics wires  and  developed  cold  flexible  wires, 
flame  retardant  wires  and  foam  insulated  wires. 

2.  Properties  of  Polymethyl  Pentene-1 
2.  1 Initial  Characteristics 

Table  1 shows  the  initial  characteristics  at 
ambient  temperature  of  natural  PMP  and  flame 
retardant  PMP  in  comparison  with  those  of  irradia- 
tion crosslinked  polyethylene  (XLPE),  crosslinked 
PVC  and  ETFF. 

Natural,  PMP  is  approximately  equivalent 
to  XLPE  in  mechanical  properties,  close  to  ETFE 
in  melting  point  and  equivalent  or  superior  to  XLPE 
and  ETFE  in  electrical  properties.  Flame  retar- 


Table  1 Typical  Properties  of  PMP  and  Other  Insulanls 


Properties  at 

23'C 

ASTM 

to  St 

method 

Natural 

PMP 

Flame 

retardant 

PMP 

Crosslinked 
poly  etliyle  n e 
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1 
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Density 
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1.  74 

Melting  point 
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Dissipation  facto) 

1 Kllz 

0150 

2x10-^ 

lOxlO*"* 
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1 

8x10"’  j 

1 


dant  PMF  is  superior  to  crossUnked  PVC  and  com- 
parable to  ETFE  in  electrical  properties. 


Z.Z  Cold  Flexible  PMP 


Mitsui's  new  PMP  has  remarkably  improved 
ilexibility  at  ambient  temperature  as  compared  with 
the  ICI  grade.  But  the  insulation  is  required  to 
sufficiently  flexible  also  at  lower  temperatures  for 
use  in  certain  areas  of  application.  To  fulfill  such 
a requirement,  we  improved  natural  PMP  with  use 
of  additional  materials.  Figures  1 and  2 respectively 
show  variations  in  the  elongation  and  tensile  strength 
of  typical  compounds  at  varying  ter4)pe rature s. 

These  Figures  reveal  that  whereas  cold  flexible 
PMP  retains  the  properties  of  the  natural  resin  at 
ambient  temperature  or  higher,  the  resin  possesses 
greatly  enhanced  flexibility  at  lower  temperatures. 

In  fact,  cold  flexible  PMF’  has  stable  good  mechani- 
cal properties  at  -10  C to  150  C. 

2.3  Thermal  Lite 


To  determine  the  service  temperature  and 
thermal  life  at  varying  temperatures  of  new  PMP 
insulated  wires,  wire  specimens  were  subjected  to 
accelerated  aging  in  an  air  oven.  The  results  are 
given  in  Figure  3 in  which  the  thermal  life  is 
shown  according  to  Arrhenius  plot.  The  aged 
specimen  was  helically  wound  around  itself,  and  the 
time  when  cracks  were  found  in  the  specimen  minus 
1 day  was  taken  as  the  life  of  the  specimen,  be- 
cause cracking  indicates  aging  more  manifestly  than 
the  deterioration  in  electrical  properties  which  pro- 
gresses with  slow  changes  and  because  resistance 
to  cracking  is  practically  a most  critical  properly. 
The  temperature  corresponding  to  a life  of  40,000 
hours  (1,667  days)  was  taken  as  the  service  temper- 
ature. The  wire  specimens  tested  are  listed  in 
Table  2. 


The  bare  copper  wire  insulated  with 
natural  PMP  had  a service  temperature  of  125 'C, 
and  the  silver  coated  copper  wdre  and  nickel  coated 
copper  wire  with  the  natural  PMP  133  C.  This 
indicates  that  despite  the  high  resistance  of  the  new 
PMP  against  thermal  aging,  copper  catalyzed  oxida- 
tive degradation  causes  accelerated  aging,  which 
however  can  be  inhibited  by  the  silver  or  nickel 
coating  on  the  conductor.  At  the  same  temperature, 
the  copper  deactivator  containing  PMP  gave  the 
bare  copper  wire  approximately  two  times  the 
thermal  life  obtained  in  the  absence  of  the  deacti- 
vator. 


The  new  PMP  insulated  wires,  are  expected 
to  have  a service  temperature  of  130  C or  higher 
for  use  as  novel  thermally  resistant  electronics 
wires  of  high  electrical  properties. 


3.  PMP  Dielectric  Coaxial  Cables 


In  an  attempt  to  make  the  best  use  of  the 
outstanding  heat  resistant  properties  and  dielectric 
properties  of  new  PMP  for  the  development  of 
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Table  2 Wire  Specin'.eiis  for  Thermal  Life  Tebl  of  HMP 


Specimens 

Conductor 

Insulation  1 

Material  Outer  Dia.lmm) 

Material  Outer  Dia,(mm)  ’ 

No.  1 

Hare  Copper  1.0 

Natural  H.\IP  J.O 

No.  2 

Bare  Copper  1.0 

Copper  deactivator  3.0  ^ 

containg  PMP 

No.  i 

Silver  Coated  Copper  1,0 

Natural  i.O 

No.  4 

Nickel  Coated  Copper  1.0 

I 

Natural  PMP  3.0  j 

coaxial  cables  which  are  serviceable  in  an  inler- 
nu’ciiale  temperature  range  between  the  service 
temperatures  of  polyethylene  and  of  fluoropolymers, 
we  prepared  specimens  of  PMF  dielectric  coaxial 
cables  of  the  following  types  and  tested  the  speci- 
mens for  the  evaluation  of  various  properties. 

(1)  Solid-dielectric  flexible  cables. 

(2)  Solid-dielectric  semi-rigid  cables. 

Our  objects  were: 

(1)  Manufacture  of  heat  resistant  coaxial 
cables  at  low  costs  and  with  high 

pe  r to  r mane  v , * 

(2)  Increase  in  the  power  rating  of  radio- 
frequency coaxial  cables.  * 

(3)  Improvement  in  solde  rability  for  easier 
connection.  * 

(4)  Increase  in  the  phase  stability  of  radio- 
frequency coaxial  cables. 


(5)  Improvement  in  the  temperature  dependence 
of  the  insulating  properties  of  coaxial 
cables. 

(6)  Keduction  in  the  weight  of  cables. 

Polyethylene  dielectric  coaxial  cables  wire 
taken  as  standard. 

3.  1 Structures  of  Cable  Specimens 

Table  3 briefly  shows  the  structures  of 
PMP  coaxial  cable  specimens  as  well  as  those  of 
specimens  of  polyethylene  coaxial  cable,  XLPE 
coaxial  cable  and  PTFK  coaxial  cable  testec  for 
I ompa  ri  son. 

Fortunatcl>  PMP  has  a dielectric  constant 
which  is  approximate  to  and  intermediate  of  the 
corresponding  values  of  polyethylene  and  PTFE. 

This  ensures  a great  convenience  in  that  a PMP 
coaxial  cable  can  be  designed  with  substantially  the 
same  structure  and  dimensions  as  the  polyethylene 
or  PTFE  coaxial  cable  of  corresponding  size. 


Tabic  3 Sirutturct  of  PMP  Coaxial  Cabica  and  Other  Spccin>cna 


Inner  Conductor 

Dirlrctrlc 

Outer 

Cond. 

— 

Jacket 

Nominal 

Impedance 

(ohrna) 

Approx. 

Mat.* 

Strand 

O.  n(rnm) 

BO 

Mat.* 

O.  D(mm) 

kl/lOOm 

I.  5D.PMPV 

C 

7/0.  18 

0.  54 

PMP 

1.6 

c 

2.  1 

50 

1.4 

3D. PM  PV 

C 

7/0.32 

0.  96 

PMP 

2.9 

c 

3.6 

50 

4.  2 

5D.PMPV 

c 

1 

1.40 

PMP 

8,8 

c 

S.3 

PVC 

7.  1 

50 

7.  7 

RC-i/U-PMPV 

c 

7/0.  72 

2.  17 

PMP 

7.0 

c 

7.  9 

PVC 

10.2 

50 

15.  5 

1.  5D.2VX 

c 

7/0.  18 

0.  54 

XLPE 

1.6 

c 

2.  1 

PVC 

2.9 

50 

1.4 

3D-2V»* 

c 

7/0.  32 

0.  96 

LDPE 

3.0 

c 

3.7 

PVC 

5.  3 

50 

4.4 

8D.2V** 

c 

7/0.8 

2.  40 

LDPE 

7.  8 

c 

8.  7 

PVC 

11.  1 

50 

19.  5 

MX50.2.2PMP 

sew 

1 

0.  51 

PMP 

1.7 

CT 

2.2 

. 

- 

50 

1.7 

MX50-3.6PMP 

sew 

1 

0.91 

PMP 

3.0 

CT 

3.6 

. 

- 

50 

3.8 

MX 50-2.  2*** 

sew 

I 

0.51 

TFE 

1.7 

CT 

2.2 

- 

50 

2.  0 

MX50.3.6**** 

sew 

' 

0.  91 

lIIL 

3.0 

CT 

3.b 

- 

• 

50 

4.6 

(*)  C 

Hare  Copper  wire 

(**)  Specified  under  Japaneae 

SC 

Sllve  r .coated  Copper  Wire 

sew 

Sllver-coated  Copper-clid  Steel  W|ra 

(*•*)  Equtvalenl 

RC.405/U 

CT 

Tubular  Copper 

PMP 

Polymelhyl  Penten-I 

(**••)  Equivalent 

RC-402/U 

TFE 

Polytctrafluoroe  iHytene 

XLPE 

Irradiation  Creaallnked  Polyelhylen* 

LDPE 

Low-Denalty  Polyethylene 

PVC 

Polyvinylchloride 

Induatrial  Standard  "JIS  C 3501" 
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t*ropfrtU‘S  kil  PMP  Cpaxiai  Cable  Spfcunens 

Thf  PNir  i oaxial  cabU*  specinu'ns  wore 
\Mth  the  results  summarized  in  Table  -4. 

3.  w.  1 Attenuation  C’haracte  rist ic  s 

Ki^ures  I and  5 show  the  trequency 
• iependence  of  attenuation  of  PMF  coaxial  cable 
specimens.  The  properties  of  flexible  cable 
specimens  piven  in  Figure  4 are  close  to  those  of 
the  polyethylene  cable.  The  properti<*s  of  semi- 
rigid cable  specimens  indicated  in  Figure  5 are 
apparently  inferior  to  those  of  the  PTFE  cable 
»)wing  to  the  difference  in  dissipation  factor  between 
these  two  materials.  With  an  improvement  expected 
in  the  dissipation  factor  of  the  PNtF^  resin,  the 


difference  will  be  reduced.  In  view  of  the  attenua- 
tion characteristics  of  Figure  5,  the  FMH  resin 
ised  appears  to  have  a dissipation  factor  of  about 
e»  X 10“*^  in  the  radio  frequency  range. 

3,2.2  Phase  Stability 

Radio-frequency  coaxial  cables  for  use  in 
highly  phase • sensitive  electronic  systems  such  as 
a rray -antenna  systems  must  have  good  phase 
stability  against  variations  in  temperature,  that  is 
the  cables  must  not  involve  marked  variations  in 
tdectricai  length  due  to  changes  in  cable  tempera- 
ture. Air-spaced  semi-rigid  cables  generally  have 
a satisfactory  coefficient  of  phase  stability  of  about 
10  ppm-^'C.  and  special  phase  compensated  cables 
are  available  wdth  extremely  high  stability  of  about 


Table  4 Test  Kesuits  of  PMP  Coaxial  Cables 


1 Te  St 

1 

1 

1.  5D- 

3D- 

5D. 

RG-8/U 

.MX  50- 

MX50-  ] 

PMPV 

PMPV 

PMPV 

-P.MP 

2.  2 PMP 

3. 6 P.MP  ; 

Dielectric  Strength, 

( .2  ) 

( 2 ) 

( 5 ) 

( 5 ) 

(2.5) 

( 5 ) 

( ) kV  rms,  1 min. 

Passed 

Passed 

Passed 

Passed 

Passed 

Pa  a SCvi 

Capacitance,  PF/m 
at  1 KHz  , at  20“C 

9S.  0 

96.3 

96.  9 

95.  1 

98.  8 

94.1'  1 

' Characteristic  Imp.  , 

ohms,  at  300  to  400  MHz 

49.  0 

4 9.  8 

49.  7 

50.  3 

49.  0 

4S.  9 . 1 

Propagation  Velocity, 
percent,  at  300  to  400  MHz 

69.3 

69.  5 

69.3 

69.  7 

68.  9 

68.  8 

1 Cold  Bend,  at  -ZS^C, 

( 10  ) 

( 20  ) 

( 30  ) 

( 70  ) 

( 10  ) 

( 20  ) 

1 Mandrel  Dia.  ( ) mm 

Passed 

Passed 

Passed 

Passed 

Passed 

Passed  j 

! 

j Attenuation  , at  20''C 

1 

Refer 

to  Figure  4 

Refer  to 
Fig 

! 

ure  5 j 
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1 ppm  C over  selected  temperature  ranges. 

With  air-spaced  cables,  however,  care  should  be 
taken  of  the  phase  variations  which  will  arise  from 
the  gas  pressure. 

Solid  polyethylene  dielectric  flexible  coaxial 
cables  were  reported  to  have  a coefficient  of  phase 
stability  of  about  (-)200  to  about  (-)400  ppm 
hence  poor  stability.  **  This  was  substantiated  also 
by  the  test  results  obtained  in  our  laboratory. 


The  specimens  were  tested  for  coefficient 
of  phase  stability  by  placing  an  open  circuit  ended 
specimen  in  a heating  chamber  and  measuring  the 
variation  with  temperature  of  the  resonance 
frequency  of  the  specimen  to  determine  the  varia- 
tion of  electrical  length.  Equation  (1)  gives  the 
coefticient  of  phase  stability. 


K = 


I...  X V. 


10*’ 


(1) 


K - Coefficient  of  change  in  electrical  length, 
in  parts  per  milion  per  C (ppni  C). 

Le  - Change  in  electrical  length  of  specimen, 
in  meters. 

T - Change  in  temperature,  in  C. 

L = Length  of  the  specimen  inside  the  heating 
chamber,  in  meter. 

V'^p  = Velocity  of  propagation  of  the  dielectric 
core,  expressed  as  a fraction. 


Figures  6 to  8 show  the  electrical  length 
v'ariations  (mm)  of  specimens  per  mechanical  unit 
length  (1  m).  Listed  in  Table  5 are  the  coefficients 
of  phase  stability  of  the  specimens  calculated. 

Figure  6 reveals  that  the  temperature 
dependence  of  the  electrical  length  of  the  polyeth- 
ylene flexible  coaxial  cable  is  markedly  negative, 
the  coefficient  of  phase  stability  thereof  being 
about  (-)300  ppm-  C at  70  C to  80  C.  Figures  7 
and  8 indicate  the  temperature  dependence  of  the 
electrical  length  of  PMP  coaxial  cables.  The  PMP 
flexible  coaxial  cables  have  a coefficient  of  phase 
stability  of  about  70  ppm/"C  at  70*^0  to  80'^C, 
namely  approximately  1/4  the  coefficient  of  the 
polyethylene  coaxial  cables. 

The  PMP  semi-rigid  coaxial  cables  have  a 
coefficient  of  phase  stability  of  about  (-)20  ppm/*^C 
at  O^C  to  bO^C  and  are  of  extremely  stable  charac- 
teristics. In  a high-temperature  range  about  100  C, 
the  PMP  cables  are  comparable  to  the  PTFE  semi- 
rigid coaxial  cable. 

3,2.3  Power  RatinE 

The  power  rating  of  solid  polyethylene 
dielectric  flexible  coaxial  cables  is  usually  expressed 
in  terms  of  permissible  transmission  power  at 


ambient  temperature  of  40  C or  SO  C with  the  high- 
est temperature  of  the  inner  conductor  at  85  C. 

In  view  of  the  fact  that  the  PMP  material 
has  about  l/2  the  thermal  conductivity  of  polyethyl- 
ene and  assuming  that  the  P.MP  coaxial  cable  di- 
electric has  twice  the  h<*at  resistance  of  polyethyl- 
ene coaxial  cable  dielectric  and  that  the  highest 
temperature  of  the  inner  conductor  is  130*C,  PMP 
i oaxial  cables  appear  to  have  about  90%  higher 
power*  rating  at  ambient  temperature  of  50  C than 
fH)lyethy lene  coaxial  cables  of  the  same  size.  With 
an  increase  in  ambient  temperature,  the  power 
rating  of  PMP  cables  decreases  at  a lower  rate 
than  that  ol  polyethylene  cables,  as  a result  for 
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- uo 

- 100 
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200 

- 3 CO 

3D-2V 

LUPE 
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- CO 

- 

170 

- 300 
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LDPE 

- 70 

- 160 

- 

200 
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SD-rMPV 

PMP 

- 30 

- 15 

- 

65 
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r‘..-;j/u-F>.iP 

r''P 
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- 

45 
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+ 

5 
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MX 50-3. 6 

2 PE 

- 35 

- 20 

25 

- 35 

.© o-  MX50-2  2PMP 

MX50-36PMP 

.0 □-  mx50-36(TFE) 


A \ 


•20  0 20  60  100  >40  leo 

TIMPERA^UR£.*C 

Figvr*  8 Eiectrtcol  Length  wVio’ions  at  Vor-ou*  Tanperotira 
ot 

PMP  Sami  rigKS  Coox<a*  Cabtm 


fXanipU',  the  former  will  be  about  340To  of  the  latter 
at  ambient  temperature  of  70  C. 

The  temperature  of  the  cable  jacket  will 
increase  w'ith  an  increase  in  the  temperature  of  the 
inner  conductor.  In  the  case  of  PMP  coaxial  cable.s. 
however,  we  expect  that  when  the  inner  conductor 
has  an  elevated  temperature  of  130  C,  the  temper- 
ature of  the  outer  conductor  will  be  up  to  about 
105  C although  dependent  on  the  ambient  or  instal- 
lation conditions  of  the  cable,  since  a heat  resistant 
PVC  material  appears  usable  for  the  cable  jacket. 
However,  the  contamination  by  the  PVC  material 
will  than  have  to  be  considered. 

3.J,4  Temperature  Dependence  of  Insulation 
Resistance  and  of  Volume  Resistivity 

It  is  usually  required  that  coaxial  cables 
for  use  in  measuring  instruments  and  electronic 


systems  handling  d.c.  signals  of  microamp<Te 
order  have  high  insulation  resistance  and  good 
tempera  tu  r e d e pe  nde  nc  e . 

A specimen  of  PMP  coaxial  cable  and 
lomparison  specimens  of  coaxial  cables  were 
<*.xamined  for  the  temperature  dcpend«*nce  of  insu- 
lation resistance.  The  lemperatui"  dependence  of 
valume  resistivity  of  each  insulation  was  also  cal- 
culated. Figure  shows  the  results. 

The  volume  resistivity  ol  P.MP  has  very 
good  temperature  dependence  and  is  in  the  order 
.)f  10^^'  ohms-cm  at  i40"C.  This  indicates  that 
PMP  coaxial  cables  are  uselul  lor  the  applications 
mentioned. 

Care  should  be  taken  of  XLPE  cables  lor 
^uch  uses  since  the  charge  on  the  insulation  due  to 
irradiation  might  disturb  the  stability  of  insulation 
resistance. 
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PMP  Insulated  Hook«Up  Wires 


Hoat  resistant  PVC  wires,  crosslinked 
PVC  wires,  flame  retardant  XLPE  wires  and  fluo- 
rocarbon resin  wires  are  presently  available  for 
use  in  electronics  systenis  as  insulated  hook-up 
wires  and  are  selectively  used  for  particular  pur- 
poses. 

Fluorocarbon  resin  wires  are  heat  resist- 
ant at  temperatures  of  up  to  lf>0'C  to  260  C and 
generally  have  high  flame  retardance  but  arc  invar- 
iably expensive.  PVC  and  XLjF'*E  wires  usually 
have  heat  resistance  ot  the  order  ol  105  C.  Thus 
only  few  kinds  of  heat  resistant  wires  are  now 
available  in  an  intermediate  temperature  range  of 
1 2 5 C to  150  C. 

In  an  attempt  to  use  PMF  as  a heat  resist- 
ant wire  insulation  serviceable  in  the  intermediate 
temperature  range,  flame  retardant  PMP  was 
developed,  and  liook-up  wire  specimens  were 
prepared  with  the  use  of  the  compound  and  tested 
in  comparison  with  XLPE  wires  and  crosslinked 
PV^C  wires. 

Tables  6 and  7 and  Figure  10  chiefly  show 
the  test  results  achieved  by  flame  retardant  P\1P 
insulated  hook-up  wire  specimens  having  a conductor 
size  of  0.  51  mm  (AWG  2 5)  and  an  insulation  thick- 
ness of  0.42  mm. 

The  flame  retardant  PMP  insulated  hook-up 
wire  fulfills  the  requirements  specified  in  UL  Sub. 
758  and  has  good  heat  resisting  propertifs  as 
evidenced  by  the  temperature  dependence  of  insula- 
tion resistance  shown  in  Figure  10,  and  the  chisel 
cut-through  test  results  given  in  Table  7. 
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5.  Foamed  PMP  Dielectric  Shielded  Cables 

Low-capacitance  and  good  soldo  rability  are 
usually  required  of  shielded  cables  for  the  internal 
wiring  of  audio  amplifiers,  tape  recorders  and  other 
sound  systems.  At  present,  foamed  XLPE  dielectric 
shielded  cables  are  mainly  used  for  such  purposes. 

To  investigate  tlie  use  of  new'  PMP  in  this 
tield,  research  was  made  on  the  chemical  expansion 
if  new  PMP  and  successfully  achiev'ed  an  expansion 
ratio  of  about  35%  which  gives  an  effective  dielectric 
constant  corresponding  to  that  of  about  40%  expandeci 
uolyethyU*ne. 


Table  6 Test  Results  of  Flame  Retardant  PMP  Hook-up  Wire 
(0.51mm  - 0.42mm  Thick.) 


Test 

Test  Method 

Test  Results 

Tensile  Strength  , kg/mm^  , at  ZS^C 

ASTM  D 638 

1.  •» 

Elongation,  % , at  23  “C 

ASTM  D 638 

350 

Heat  Aging 

7 days  at  158®C 

Retention  of  Tensile  Strength,  % 

UL  Sub.  758 

90 

Retention  of  Elongation,  % 

UL  Sub.  758 

70 

Deformation  , at  158*C,  500g,  % 

UL  Sub.  758 

24 

Heat  Shock  , at  158*C,  1 hr,  l/2"D  mandrel 

UL  Sub,  758 

Passed 

Cold  Rend  , at  -10*C,  1/8"D  mandrel 

UL  Sub.  758 

Passed 

Vertical  Flame  Test  "FR-1" 

■ 

UL  Sub.  7 58 

Passed 

Chisel  Cut-through  Test  (Penetration  Test) 

UL  Sub.  758 

Solder  Resistant  Test 

MIL-W-16878D 

Passed 

Insulation  Resistance 

Refer  to  Figure  10 

Table  7 Chisel  Cut-throut;h  Test  Results  Flame  Retardant 
FMP  Hook-up  Wire  and  Other  Specimens 


1 

Test 

Temperature  : 

•c 

Number  ot  Specimens  Passing;  Number  of  Specimens  Tested 

i Flame  Retardant  PMP 
0.31mm,  0.  •42mm  thick. 

Crosshnked  Polyethylene  { 
0.  5lmm,  0.5mm  thick.  1 

1 Crosslii.ked  1-*VC  I 

1 7/0.2 54mm,  0.5mm  thick.  , 

90 

12/12 

1 

12/12 

12/12  i 

100 

12/12 

10/12 

12/12 

105 

— 

0/12 

— 

110 

12/1:: 

0/12 

12/12 

120 

12/12 

1 0.'12 

12/12 

125 

12,12 

— 

0.'12  , 

130 

4,  12 

— 

0/l2  : 

135 

0/12 

: — 

— 1 

140 

0''12 

— 

— I 

(Note) 

Chisel 

90*.  5 mils  radius  edge  | 

Load  Weight  : 

350  g 

1 

Cut-through  Time  : 

< 10  min.  Faild 

1 

>10  min.  Passed 

1 

Table  8 Structures  and  Test  Results  of  Foamd  PMP  Shielded  Cable 


0.51  - PMFSV 

t 

7,0.16  - P.V.FSV  , 

Inne  r 

Conductor 

Material 

Tin-coated  Copper  Wire 

1 

Tin-coated  Copper  Wire 

Strand 

1 

7/0.  16 

Outer  Diameter,  mm 

0.  51 

0.  4S 

Dielectric 

Material 

Foameo  P.MP 

Foamed  PMP 

Outer  Diameter,  mm 

1.35 

2.  12 

Shield 

Material 

Tin-coated  Copper  Wire 

Tin-coaled  Copper  Wire 

Type  of  Shield 

Spiral  Wrapped 

' 

Spiral  Wrapped  t 

Outer  Diameter,  mm 

2.3c 

J acket 

Material 

Pi'C 

PVC 

Outer  Diameter,  mm  | 2.  1 

2.0 

Dielectric  Strength,  0.  5kV  rms,  1 min. 

Passed 

Pas  fed 

Insulation  Resistance,  Megohr.’s s >^km 

> 1000 

1 

>1000 

Capacitance,  PF.m,  at  1 KHz  92  ■ < 


Table  9 Structures  and  Test  Results  of  PMP  Insulated  Computer  Cable 


Number  of  Paire. 

Center  Layer 

1st  Layer 

2nd  Layer 

2 

6 

12 

Conductor 

Material 

Bare  Copper  Wire 

Size  mm^ 

0.  5 (20/C,  18mm) 

Outer  Diameter  mm 

0.  9 

Insulation 

Material 

Colored  P.MP 

Thickness  mm 

0.4 

Outer  Diameter  mm 

1.7 

J acket 

Material 

PVC 

Thickness  mm 

1.6 

Outer  Diameter  mm 

19.  5 

Dielectric  Strength  IkV  rms,  Imin. 

Passed 

Insulation  Resistance  Megohms  ^km 

>1000 

Capacitance  nF/km,  20*C,  at  1 KHz 

46.  1 (average) 

Conductor  Resistance  ohms/km,  20*C 

33.  3 

Figure.  11  Micrograph  of  Cross  Section 
of  Foamed  PMP  Dielectric 
(conductor  : 0.  51  mm) 

Listed  in  Table  8 are  the  structures  of 
cable  specimens  and  the  test  results  obtained. 
Figure  11  is  a photograph  showing  a foamed  PMP 
dielectric  in  section. 


XLPE  insulated  wires.  Fluorocarbon  resin  wires 
are  also  used  where  still  higher  heat  resistance  is 
required. 

For  the  use  of  PMP  in  this  field,  specimens 
were  prepared  of  PMP  insulated  PVC  jacketed  com- 
puter cable  incorporating  20  pairs  of  0.5mm*  conduc- 
tors using  colored  PMP.  Flame  retardant  PMP  is 
considered  to  be  also  useful  in  this  application. 

Table  9 gives  the  structures  of  the  cable 
specimens  and  the  test  results  obtained. 

7.  Conclusions 


It  was  confirmed  that  new  PMP  is  a note- 
worthy material  usable  for  a wide  variety  of  elec- 
tronics and  mechanical  properties  and  outstanding 
heat  resistance  with  its  service  temperature  ex- 
pected to  be  about  130  C. 


6.  PMP  Insulated  Computer  Cables 

Multi-conductor  cables  incorporated  in 
computers  for  controlling  industrial  processes  are 
frequently  used  in  a high-temperature  environment 
and  must  therefore  be  resistant  to  heat.  Mainly 
used  in  such  an  environment  arc  cables  including  a 
core  of  heat  resistant  PVC  insulated  wires  or  of 


New  PMP  based,  cold  flexible  PMP  devel- 
oped in  our  laboratory  has  greatly  increased  flexi- 
blity  at  low  temperatures  while  retaining  the  good 
properties  inherent  in  new  PMP, 

Our  research  was  directed  also  to  flame 
retardant  PMP  and  matured  to  a formulation 
conforming  to  the  requirements  of  UL  Sub.  758. 


9 


V’arious  electronics  wire  specimens  were 
test  produced  with  use  of  the  PMP  resins  as  insu* 
lations  and  tested  for  evaluation. 

The  results  show  that  PMP  coaxial  cables 
are  substantially  equiv'aU’nl  to  polyethylene  coaxial 
cables  in  attenuation  performance  and  are  compa- 
rable to  fluorocarbon  resin  co.ixial  cabli*s  in  pliase 
stability  and  insulation  resistance  at  varying 
temperatures.  PMP  coaxial  cables  can  be  expected 
to  have  about  two  times  and  about  three  times  the 
pc^wer  rating  ol  poU  ethylene  coaxial  cable's  at 
ambient  temperatures  of  SO  C and  70  C respec- 
tively, although  the-  power  rating  is  dependent  on 
the  ambient  temperature  specified.  Flame  retar- 
dant P.\IF  wires  are  eauivalent  or  superior  to 
XLPE  wires  in  electrical  properties  and  heal  resis- 
lance. 

Further  research  was  conducted  on  the 
chemical  expansion  of  new  PMP  and  succeeded  in 
extruding  about  35%  expanded  P.\IP  coresj>onding  to 
about  40%  expanded  polyethylene.  The  foamed 
PMP  was  used  for  low-capacitance  shielded  cables. 


(4)  G.  Kodoriguez,  "l*hase  Stability  of  Typical 
.Navy  Radio  Frequency  Coaxial  Cables*',  Nth 
International  Wire  ^ Cable  Symposium,  Atlantic 
City,  New  Jersey,  Dec.  1965  (U.S.  Naval 
Applied  Sc  ience  Laboratory). 
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With  the  various  features  described,  new 
PMP  wires  are  expected  to  bo  used  in  the  lield 
ranging  from  crosslinked  polyethylene  or  PVC  insu- 
lated wires,  up  to  part  of  fluorocarbon  resin  wires. 
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Figure.  12  Photograph  of  PMP  Coaxial 

cable  and  PMP  Computer  cable 


References 

tl)  Modern  Plastics  Encyclopedia  1976-1977  vol  53 
No,  lOA  P.  78,  P.  473. 

(2)  S.  Morisada,  T.  Kuroe,  A.  Kusui,  "Phase 
Stabilized  Coaxial  Cable*',  Dainichi-Nippon 
Cables  Review-,  No.  38  March,  1968. 

(3)  Andrew  Co.  , General  Edition  Catalog  27 
Antenna/Transrnission  Lines,  P.55. 


Hayashi  Takemori 

Dainichi-Nippon  Cables,  Ltd. 
Higashimukaijima 
Amagasaki* 

^ Japan 

'll 

As  a material  engineer  Hayashi  Takemori 
has  been  with  Dainichi-Nippon  Cables,  Ltd.  since 
1957.  These  twenty  years  he  has  been  mainly 
engaged  in  research  and  development  of  materials 
for  electrical  cables.  Recently  his  interest  has 
been  directed  to  insulated  wires  for  electrical  and 
electronics  equipments.  In  this  study,  he  was 
responsible  for  the  material  and  product  evaluation, 
formulation  developments,  and  extrusion  processes. 


10 


m’Hiu.i:-R)KMA  ru)\  mi-i’hamsm  i\  mi-:  i-x  iki'sion  imuh  kss 
1)1-  R)AMI-.I)  ri.ASni-  INSri.AnoN 


K . Orinio  *r.  Shinuiiu) 

TUo  I'virukass.i  FU»v  . l.iil..  rofckVi).  Japan 


St  MMAR  V: 

TliiK  rt'|X)ri  rilx's  a thooniu  al  st’idy  td  iho  huhhlo- 
tbrmiiig  mothanisni  oi  chemical  and  physical  blowing.  li 
IS  made  clear  liui  ihey  have  somethmji  m commun  wiili 
each  other  in  view  »)f  the  niicleation  phenomenon.  Nuclea- 
iion  enerj’v  is  calculated,  and  the  energy -cont  ribui inj: 
factors  are  discussed. 


I.  Introduction 

The  electrical  pnux'riies  »)f  plasiu  cable  are  t»l  a 
higtier  elliciency  when  the  insulating  materul  is  made 
of  a foam-like  mass.  i.e..  matrix  of  air-lilled  bubbto'.. 
From  this  coniinoii  knowledge,  serious  research  int<)  tlie 
production  of  such  a material  was  begun  in  manv  calde 
manufacturing  companies  worldwide  as  early  as  two  or 
Miree  decades  agt).  Until  now.  .ilthough  progress  in  the 
understanding  of  the  plastic  foam  mechanism  has  bi*on 
made  bv  R.H.  Hansen  et  al..  there  still  ha\e  remained 
many  relatively  unknown  areas.  With  this  in  mind,  we 
are  led  to  Ix’lieve  that  more  ailv.mced  foaming  ex* 
trusiou  techm<\ues  will  tx:  yet  develo^vd  \\\  the 
future.  t>ur  research,  tlierefore,  has  also  lieen 
directed  towards  reaching  a clearer  understanding 
of  the  plastic  foam  mechanism,  and  thereby  at  the 
same  time  ilevcloping  a Ivtter  exlrusitin  lechni(|ue 
for  the  pur|>ose  oi  foam  cal'le  pniducUoii. 


II.  The  bubble-forming  mechanism  using  a chemical 
foaming  agent 

I.  Summary  of  research  systi*m 


Our  research  sysii*m  centers  on  itianied  plastic  used 
ftir  the  extrusion  covering  of  electric  cable.  I*ig.  1 


t'onductor  wire 


Nipple 


illustrates  the  wire-ctiveriiig  process,  which  involves 
placement  oi  a plastu  com)>ound  (containing  a loaming 
agent)  into  the  extruder  Ih»pj>«t.  the  mixing  and  melting, 
and  Its  iliS(.harge  *^rom  the  front  end  of  the  t*xiruder 
directly  into  the  emsshead.  I'rom  this  |>oini  the  plastic 
flow  turns  into  the  direction  t>f  the  ninning  conducii)r. 
Under  usual  ». iiiulii ions , a plasiu.  pressure  of  lH'iW(*en  2(K)s 
Si)0  kg/cm-  IS  m.iintainei)  in  the  cross -head.  For  this 
reason  the  gas  vrealetl  In  d(*kompi>sition  of  ihe  foaming 
agent  is  evenly  diffused  ihroughi  the  plastic.  Ihen.  after 
the  plasiiv  has  passed  through  tlie  die  and  the  jiressure  has 
been  Loncurrentlv  redueed  t<i  the  atmospheric  level,  the 
foaming  process  takes  place.  I'ollowing  this,  the  insulated 
wire  IS  voided  m a water  ircuigh  and  taken  up  tni  reols. 


2.  l-oaining  meihanism 


rile  «iiKilit\  of  the  loam  is  determined  by  a mimlx*r  »if 
la^-tors.  fttr  t*\jmple.  ili*'  amount  of  buiibles.  the  expansion 
rate,  eti  . The  relat ionshi|i  iHMween  these  lactors  an<l  the 
tempi^ratun*  ol  the  pl.istu  at  the  rossheail  is  shown  in 
tigiires  2 ard  .S,  liu»  phenomena  seen  in  these  figures  as 
well  as  refereiuo  to  ri*(v»ris  bv  K.ll.  Hansen  et  al..  have 
led  us  pmjvise  the  following  mechanism:  a ixiriion  of  the 
foaming  agent  jiarfu.  les  decom|x»se  in  a short  lime  |KTiod 
( t)  lusi  Ivfore  leaving  the  die.  and  these  ven  particles 
only  become  the  nuclei  for  the  loaming  process,  that  is. 
the  li»ci  where  gas  collects  to  form  the  bubbles. 

Tins  hyiMUhesis  will  be  disclosed  in  more  detail  in  this 
report. 

(I)  Numbor  of  bubbles 

It  IS  obvious  that  theijualitv  ol  ilie  fo.im  d<*petuls  u)>on 
the  tloi lUnpos n ion  prop(*rin*s  ot  iii<»  .igent . It  is  .ilstt  W'»ll 
kintwn  that  when  l»Mnperature  is  uu  r-'asod  sioadilv.  the 
deioinpositioii  rate  for  unit  time  lollows  .i  (hiussion  dis- 
tribution ptiiiern.  Thereloi'e  the  l»»Ilowing  <sjuations  are 
given: 


x ^ I'xp  I h ’ ' 1 t„  n'  I (j) 

\ “ 

h .t 

.V  M ^ J fxp  I Ir  ( I 1,1  i‘(  dt  I-’) 

\ " I 


where  i is  time  and  is  ecimvaleni  to  tem|x  raiure  because 
It  IS  increased  steadily,  x is  ihe  decimiixisii mn  rate  for 
unit  time  al  time  t.  y is  the  total  amount  of  I’cnvetl  gas 
until  lime  i,  .\l  is  ilic  anumiu  of  gas  given  oft  from  the 
unit  weight  of  the  .igent  and  h is  rr  where  a is  iin» 
standard  (K'viaiion.  'I’lx'reh're.  if  the  alxive  meiitioneil 
mechanism  is  cornM.  the  numlx'r  of  bubbles  per  unit 
volume  ol  plastie  should  lx*  as  follows: 


ni 


h 


\ 

J 

I 


h-  ( 


t II 


dt 


<i 


no) 


CH 


11 


V •• 


[ 
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Nvlu'ro  m IS  numU’r  of  bnhblos.o  is  iho  avora>;o  woighi 
of  tine  pariu  lc*  of  ilie  a^ciil,  wci^^lu  |K*rcL*nia>;c  of  ihe 
agonl  III  Ihoplasiu'.  /»  is  ilu*  plasiu-  donsily  and  nuj  is 
ili«*  immbor  of  Ixil^blos  lormod  boiwoon  ilio  |H)ini.  nvIuto 
plain.'  exits  from  iho  dio  and  ilu*  j>oini  of  oniry  into  the 
coolin>*  in>u>»h  and  is  vi>mparaiivelv  small  because  the 
intervening  space  Ix'tween  said  die  and  trough  is  not 
instrumental  in  determining  the  numlvr  of  bubbles. 

This  e(|uation  explains  the  phenomenon  illusirati-d  in 
figure  2. 


IMastic:  High  IVnsiiy  PI-. 
Foaming  agent:  .\/odu arluuiamule 
(d.O  weight  ‘V> 

I 

; 1 

■ ll 

; 1 ' ' 

“ . - O « 

-)1  . ■ ft  , . I I I I 

rii  jiMi  j.hi 

Temperature  of  plastic  til  crosshetul 
(‘Vl 


2)  f'otini  expansu)n  nite 

If  there  is  no  escape  of  gas  from  the  plastic,  the 
expansion  rale  will  rise  with  increases  in  lempeTtit ure. 
There  is.  in  fact,  however,  alwtiys  some  gas  escape. 
Therefor»'.  the  amount  of  escaping  gas  must  bt'  taken 
into  consideration.  When  nuclei  distribution  in  the 
plastic  IS  uniform  and  the  number  of  nuclei  in  a unit 
volume  is  indicated  by  f . tind  when  the  gtis  in  a niiitiite 
volume  passes  through  ilu>  ihstance  r and  ctuiiinues 
through  the  spherical  shell  of  dr  thickness,  the  gas 
before  ptissing  through  dr  is  yd  ). 

ami  after  passing  through  dr  is  v(r-Hlr).  ilieir  rel.iiion  be- 
ing expressed  bv 

v(r)  ( I - 2 f dr)  = y(r  + ilr)  (A) 

where  is  const. iiit.  .\ccorduiglv . 
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J < <i  1 
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where  I is  gas  nuu  ent  r.it  uui . |!i«»reu»re.  under  the 
coiulitioii  iif  ’ e li  1, 

ve  ^ A-  ‘ (7) 

e 

where  A = . Wlieii  win*  is  avtuallv  Iving  ioated. 

the  integral  area  ol  etjualuui  (0)  aU>ve  is  negligible. 
However,  when  J.(  is  large  (Miough  the  gas  esi  .iping 
through  the  surlav*'  S i an  In*  ialculated  bv  intigrai- 
mg  railius  / whicfi  is  lairlv  sm.iK  ^.l^^lpar••d  with  I 
(tig  A).  ttu*rebv  enabling  the  use  <d  <M|ualion  (").  There 
h>re  the  expansnm  rate  i>l  insuialion  ; is  expressed  as 


Tiguie  A. 


1 

It  y I I ''l  l 
m 


\{  1 
Vni  I 


where  K is  the  gas  constant.  T is  absolute  temperature. 
Vm  IS  22.4l)d  cc  .ind  1'  is  the  gas  pressure  in  the  bub- 
bles. I'rom  e<(uations  (2).  (d)  and  (8). 


v(r)  = v(0)  exp  ( - c i r)  (.S) 

I 


Therefore,  when  the  gas  and  nuclei  distribute  uni- 
formlv  in  a hemisptierical  form  as  in  fig.  .1  the  (|u.in* 
tily  of  gas  ve  passing  tlirough  the  unit  are.i  near  the 
center  of  the  flat  surface  is  expresses  bv 


R ./‘i-xpI  hMt  l|,>‘)dlil 


rxp  I 


A 

h-'l  t 


O \ .T 
A 

►j’  /i  h 


Idpiation  (d)  shows  th.ii  when  t -t^).  the  m.iximum  I'xpan 
Sion  late  is  re.uhed.  'The  result  suggests  the  relation 
ship  of  the  irmperaiure  in  fig.  .S. 


l-'iKutv 


Tempi’ r.i I II If  Ilf  pi.  -.tie  .it  the 
criisshf.iil  C'C) 


pur  this  pvirixisf*  11  IS  pssriilial  lliai  Uii*  pas  pressure 
within  tlif  hiiblilf  fx*  less  than  ihf  tspiilifiriiini  pressuri*  P 
in  Hie  (tas  iniKenlrainin  l".  Smh  a state  is  ai  foniplished 
liv  redniinn  the  pressure  P while  maintaining  Hie  gas  mii- 
leiit  rat  lull . lhal  is.  by  suddenly  redui  inn  pressure  P 
lor  a very  shun  lime.  During  lhal  brief  (HTiod.  the  bubble 
IS  sup|X)sed  to  nrow  rapidly  until  its  inner  pressure  bceomes 

l»  . ii—  I*  wIitTf  I*  Ks  the  reducium  value  of  the 
r ' 

pressure  I’  ami  r is  ♦he  radius  of  the  lHib!>le  after 
^ rowth. 

2 n 

Subscijuent  to  this  period,  in  cas(»  — ^ 1»  o.  , the  gas 

ihssolved  into  the  plastu  continues  diffusing  into  the  bubble, 
causing  It  to  grow  large.  However,  in  case  -j;7  1*  •().  the 

bubble  wiU  vanish.  Siiue.  a growing  bubble  is  iwU  in  a sla 
tioiiarv  stale,  a»s  mentioned  aUive,  after  ssome  Ume  mi  bubble 
will  1h*  able  to  exist  in  tiu*  plastic. 


( Ibe  samples  are  the  same  as  in 
fig.  2.1 

111.  Fxauunalmn  of  the  nucleus 

1 . Hubble  '^tabi  1 itv 

In  tht'  production  of  foam  plastii  the  Ixibbles  IxHome 
stabilized  u^xui  soluiifuaf  n ot  the  plastic  when  it  is  im- 
mersed m the  cooling  trough.  Hut  the  ijuestion  arises  as  to 
what  happens  to  the  bubbles  wlnui  the  fdastu  is  not  exposed 
li»  any  cooling  process.  In  ».ase  the  viscosiiv  ()f  the  plastic 
IS  verv  low.  biu»vancv  will  .ilU»w  the  bulifdes  to  escape  read- 
ily. On  the  other  hand,  if  the  vis\.»»siiy  is  a high  value  as  in 
our  case,  the  easy  escapt*  of  bubbles  will  noi  occur. 

VVe  are  now  assuming  that  the  surlave  tension  of  plas- 
tic IS  <T  . that  plastic  is  compressed  bv  a certain  gas  wiih 
the  pressure  H.  and  that  the  gas  in  the  plastic  reaches 
e(|iiilibnum  at  concent  rat  ion  C. 


2.  Nucleatuui 

.\s  explained  alxive.  it  is  understvu^d  lhal  as  long  as  a 
bubble  exists  in  the  plastu  alreailv.  it  can  l>e  caused  to 
expand.  Now.  however,  we  wish  to  discuss  luuv  a bubble 
».  an  tinginailv  Ix'  created  iii  plastu  whicti  miiiallv  contains 
none.  It  will  be  most  desirous  that  a minute  bubble  hav- 
ing a ratlins  greater  than  a certain  value  determined  bv 
the  stale  t)f  gas  and  plastic  is  created  by  the  fluctuation  of 
kinetic  energv  tU  plastu  molecules,  thereby  resulting  in 
the  growth  of  the  Ixibble,  In  other  wortis.  if  a minute 
bulible  having  ratlins  r has  been  created  by  the  fluciuaiitm. 

the  bubble  will  grow  wtien  r ' — but  will  disapper  if 
•'■-—j,  . Next,  calculation  tif  the  probability  that  the 
value  r will  be  created  Ia’  the  fluctuation,  is 

r 

tarried  t)ui  in  order  it)  establi.sh  the  condition  under  which 
a nucleus  can  Ix'  easily  created. 


In  such  a system,  a bubble  of  the  radius  r existing  m 
the  plastic  will  be  compressed  bv  the  pressure  2 u /r 
created  by  the  surface  iensu)n  and  the  pressure  H.  I nder 
these  conditions,  the  gas  in  the  Ixibblo  will  tlisstive  into 
fhe  plastic  and  the  bubble  will  eventuallv  vanish  because  the 
gas  pressure  in  the  bubble  is  greater  than  (H|uilibrium 
pressure  P by  2 r with  the  concentratmn  C.  .\s  r Ix'comes 
smaller,  its  reducing  velocity  is  much  accelerated,  meaning 
lhal  bubbles  can  not  exist  iii  plastic  for  any  considerable 
length  of  time.  If  this  is  six  then  by  what  method  c*ui  bubbles 
possibly  Ix'  grown?  In  any  case.  U is  certainly  necessary’ 
that  flu  system  be  in  such  a condition  that  the  gas  will 
diffuse  into  the  bubble  from  the  plastic. 


Molten  plastu. 
Figure  f>. 


The  following  system  discussed  is  that  of  a super - 
satur.ited  state  m which,  after  making  gas  dissolve  in 
plastic  to  the  tHjuilihium  concentralion  C at  pressure 
I'd  this  pressure  is  suddenly  lowered  to  P.  a artificially 
created  new  envinuimental  pressure,  ( The  system  probably 
resembles  the  siatewhich  exists  at  the  moment  when  the 
plastic  leaves  the  ilie  in  chemical  and  physical  extrusion 
loaming.)  In  such  a system,  tlie  energy  dW  Ix'ing  used 
in  making  the  bubble  increase  from  the  radius  r to  r + 
dr  must  Ix’  calculated.  I'irst,  the  compressing  force  of  ilie 
bubble  r IS 

2 n 2 u 

K P,  P..  — |>  (ID) 

r r 

P2  IS  the  gas  pressure  in  the  bubble.  In  an  unstable 
condilion.  i.e.,  wlu*n  the  Inibble  is  growing  or  shrink- 
ing. n IS  not  clear  whether  P2  = Poor  iu»i . However. 

P2  ''>11  be  near  P()  because  the  gas  diffusion  into  the 
bubble  will  reacli  tHjuilibrium  in  a verv  short  time  duo  to 
tile  very  small  size  I'f  ilie  bubble, 

.\cco  rdingly . 

2n 

d\V  K dV  t ^ P M.Tr-  d r (H) 
wliere  V is  the  volume  of  the  bubble. 


Ihorofori’. 


W 


/ ( 


- !■  t - r cl  r 


I ■ r'  I " 


(li) 


aiul  ihe  relalion  of  r aiul  \V  is  illusiraiecl  in  li^.  7.  .VmrJ 
iiig  to  this  limire  ami  the  alxivo  disc. iission . n is  clear  that 
the  growth  or  disappearaiKo  ol  the  minute  hiihhle  is  clepeiul- 
eiil  u[X)ii  whether  or  not  the  hiihhie  radius  is  greater  than 

ffj 

— In  other  words,  for  anv  biibhle  to  Ix-ioine  a niKleus. 

P ■ 


It  IS  necessary  for  the  Ixibble  to  possess  etiergv  greater 
than  F ==  txpiatioti  designated  as  the  niicleation 


energy  value.  Therefore  the  iirobability  .|  of  the  nucleus 
being  created  is 


greater  diM.ince  Iron.  them.  Hius,  a foam  substance  having 
uniformly  distributed  little bulibles  might  lie  difficult  to 
liroduce,  should  a nucleating  agent  not  exist  m the  plastic 
and  gas  soliition.  fonsideriiig  this,  it  should  Ix'  ex|>eilient 
to  ulili/e  a nucleating  agent  in  the  production  of  a foamed 
substance  of  su|X'rior  quality,  and  in  the  chemical  foaming 
process,  this  desired  quality  is  achieved  with  a foaming 
agent  which  itself  acts  as  the  goisl  nucleating  agent. 


2.  Required  properties  of  nucleating  agent 

■\  nucleating  agent  is  a substance  which  tends  to  increase 
the  likelihoixl  of  nucleation,  that  is,  causing  a tenqxirature 
increase,  an  increase  of  the  difference  Ix’tween  gas  pressure 
in  the  bubble  and  environmental  pressure,  and  as  well,  as  dec- 
rease in  surface  tension.  In  a system  witliout  the  agent,  a 
bubble  grows  from  an  originally  very  minute  sphere.  On  the 
other  hand,  a bubble  created  by  a nucleating  agent,  first 
apix'ars  to  develop  semi -sh|X'rically  on  the  surface  of  the 
agent  particle,  and  then  grow  successively  into  a spherical 
stuqx-  with  the  agent  particle  visibly  attached  to  the  bubble 
surface.  (.See  photographs  1 to  3.)  It  would  seem  interesting, 
therefore,  to  discuss  bubble  growth  on  an  extraneous  sub- 
stance. When  considering  such  a problem,  the  interface 
energy  Ix’tween  the  plastic  and  the  extraneous  subsiance 
aptieares  to  lx>  of  great  inqxirtance.  bubble  will  grow 
along  the  interface  Ix'cause  the  energy  is  normally  less 
than  the  surface  energy  of  plastic.  ITie  probability  of 
nucleation  at  the  interface  may,  m fact,  lx-  higher  than  at 
other  places  in  the  plastic  due  to  this  lower  interface 
energy  value. 


exp  ( 1 

k T 


Hi  .t  (I 

exp  ( - — — — ) 

:tkT  P- 


(13) 


where  k is  liolziimonn’s  constant  and  T is  absolute  tem- 
perature. This  equation  shows  that  the  nucleus  is  created 
more  readily  with  higher  values  of  P and  T and  lesser 
values  of  n . .As  we  understand  already,  the  bubble  is 
created  by  gas  which  having  dissolved  in  plastic  in  a 
supersaturated  state,  gathers  at  the  nucleus  created  by  the 
fluctuation  of  kinetic  energy  of  plastic  molecules. 


fl)  Fffect  of  contact  angle  of  the  extraneous  substance  with 
plastic 

We  wish  to  discuss  the  iirobability  of  nucleation  in  a 
case  where  the  interface  is  flat  and  the  system  is  the 
same  as  in  111-2.  .ki  first  the  <|uantity  of  work  dW’n 
needed  to  make  a bubble  having  radius  r grow  into  r s dr 
must  Ix’  determined  in  order  to  derive  the  amount  of 
energy  W'n  re<|uired  for  creation  of  a bubble  having 
r.uhus  r in  such  a system. 


Molten  (ilastic 


IV.  Nucleating  agent 

I.  Nucleus  in  chemic.il  foaming 

We  have  iqi  to  now  iltsctissed  a system  containing  iinly 
gas  ,ind  plastic.  In  such  .1  condition,  however,  the  number 
of  bubbles  is  usually  meager  .ind  therefore,  in  fait,  it  is  not 
possible  to  produce  foamed  insulation.  In  comparison  as 
sl.ited  previously,  a foamed  subsiance  produced  by  using 
a chemical  foaming  agent  consists  of  many  small  bubbles. 
.\s  we  have  re)>irted  in  chapter  11.  the  chemical  foaming 
agent  itself  can  become  the  nucleus.  We  wish  to  discuss 
this  fact  while  considering  the  results  mentioned  in 
chapter  III . 

In  a plastic  matrix  in  the  vicinity  of  foaming  agent 
particles  which  have  just  decoiiqxised  or  are  decomposing 
the  lemix'rature  is  higher,  the  surface  tension  is  less, 
and  the  gas  concentration  is  higher  than  it  other  (ilaces  in 
the  plastic.  Accordingly,  the  probability  of  nucleation  near 
the.se  foaming  agent  particles  will  Ix’  higher  than  at  a 


l-'igure  s. 

When  r grows  to  r ■ dr  the  increase  of  area  bn  i at 
the  interface  of  the  extraneous  substance  and  gas  is  as 
follows: 

Sn  I = 2 r:  r sinfl  dx 

= 2 .T  r sin^  f?  ilr  (13) 

Where  0 - ,T  is  the  contact  angle,  and  the  increase 
of  area  Snii  at  the  interface  of  gas  and  plastic  is 
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TlKrirfoi  c . 


1 


..  P 

S n..  / L* .T  ( r • d r ) ' sin  0 dO  - J ‘J::  r~  s tn  0 dO 


I -T  r H c 09  0 ) dr 


The  refine. 


d \V  n I Sn  I U cos  0 ) ■ { Sn..  Sn , 1 ) 

■Jn  2 d cos  • cos  * 

I .t  r*  I IMdr  I — " > 

r \ 

2n 

f 0)  \r.r~[  — IM  d r 

r 

- d cos  COS**^'^  ' (I(>\ 


From  eqtKitit>n'<  H 1 ) ‘<nil  (lo). 

lUVn  = \ (0  ) dW  (i:) 

A-^  1)  f ( I • we  iiiuler'daiul  easily  llul  \Vn  is 
aKsjys  smaller  than  W.  meanuij:  thai  tlie  bubble  is 
mt>re  easily  createil  on  ilie  surfiiee  of  the  extraneous 
substance  than  at  any  other  place. 

(2>  Siructuial  elteci  ot  e\tran<'«»us  subsiaiue 

In  order  !i>  consivler  tlie  stnutural  eliect  «)f  the 
extraneous  subsiaiue,  i^rowlh  of  the  bubble  nuisi  lx.* 
seen  from  the  jx*ak  of  a cone  with  a vertical  ani:le  of 
2<.  (ti>:. 

7hrs  system  ts  the  same  as  m JJJ  2.  J he  iiurea*'e 
Snij  of  the  interface  Ixtueen  the  and  the  ex* 
iraneous  substance  when  r Ix'ocomes  r ♦ dr  is 


ASiii  = It:  r 'iwO  dx 
= 2 .T  r sin-^^y  dr 


Molten  plastu 


r yf 

.4- ' 


b v!  I antoiis 


bifc'ure  **. 


and  itM*  in»  re.i«‘P  Sin  •*!  t»ir  inlertai  ••  lw»ifce.‘n 
fhe  K.is  ami  the  m*'I»en  j^dvrner 


dWm  { Smi  t 1 cos  0 ) • {.  Snv.  Snu  ) I I**  • — > 


■ I , I 

I -T  r ■ < IM  dr  {2  ■ 2 s I n I ^ cos*  O'  j 

r 1 ’ s I n y* 


f I - r*  ( " |M  d r 


f ( , O I I 2 2 s in  I 0 ) . cos'  ■ i.'  0 } 

1 ■ sin  V 


o f ■ 0 ) .1 


on  condition 


V ui  V ).  ' 


<■'  ..  " c ( V ■ '• 


I lius,  comparlinj;  Kq.  (ID  with  Hq.  (20) 

dWm  - f ( /?  . V ) d\S  (21) 

No\s  ue  plot  the  values  of  the  function  f ( (/.  V ) for 
the  variables  0 and  V (fiJI.  Id).  'Die  section  which 
satisfies  lx>ih  conditions  I and  2 is  the  ran^-e  en* 
closed  by  the  thick  line  in  the  figure,  lliis  illus- 
trates that  nioiv  energy  is  necessarv’  when  V is 
smaller;  in  other  words,  it  is  easier  to  grow  a 
bubble  from  the  interior  surface  of  an  o|K'n  de* 
pression  in  the  extraneous  substance. 

I’hu-^  the  probabililv  of  luicleatum  at  the  sarla*.o  of 
the  extraneous  sul>siance  is  higher  than  at  other 
places  within  the  plastic  matrix.  As  for  the 
structure  of  the  extraneous  substance,  the  more 
holhiws  and  the  greater  the  diameter,  the  higher 
the  probabililv  for  the  growth  of  bubbles.  S(x*cially 
regarding  diameter  of  the  extraneous  particles,  and 
with  a mind  to  the  quantitv  of  such  particles  which 
will  lx  added  to  the  plastic,  in  mind,  it  is  supix>sed 
that  an  optimum  diameter  d<ies  exist,  simply  Ix'cause 
a lesser  diameter  provides  a larger  s|xcific  sur- 
face area. 

V.  I'onclusion 

II  is  iHiped  that  the*  alx>v(»  mscussion  has  hel|>e*d  to 
give  a clearer  understanding  of  the  projxrties  and  pri  ■ 
marv  function  ot  the  nucleating  agent.  Dial  is  to  sav» 

a good  nucleating  agent  is  a substance  which  decreases 
the  nucleation  energy.  I'adorxS  to  lx  considered  re- 
garding this  energy  include  the  following: 

{ 1)  Surlace  tension  o!  pla.suc  ( n ) 

A les.ser  surface  tension  encourages  gn)wih  of  a 


(2)  1 emperat are  of  plastu  (1) 

A higher  iem|H*ratiire  encour^igcs  growth  of  a 
nu^.  lens. 


15 


( ))  I fie  ihitereiue  Ixtween  the  gas  pressure  inside  the 
buNde  iiul  the  oxiernal  pr'*ssure  ( P). 


A hi>»her  pressure  difference  A [’encourages  the 
growth  of  a nucleus.  This  pressure  difference 
can  lie  increased  by  die  following  methods; 

ft)  by  increasing  Ihe  inner  pressure  of  the  bubble. 
(11)  by  decreasing  the  external  pressure. 

As  for  (i),  in  a case  where  the  gas  concentration  in  the 
plastic  must  be  constant,  as,  for  example,  when  the 
expansion  ratio  is  constant,  it  is  lietter  to  dissolve  the 
almost  insoluble  gas  Into  the  plastic  at  high  pressure. 
And  as  for  (ii),  a condition  might  be  provided  in  which 
the  extruded  plastic  from  the  die  is  immediately  put 
into  a vacuum  state. 

(4)  tlontact  angle  Ix'tween  the  nucleating  agent  and  the 
plastic. 

A larger  contact  angle  will  encourage  the  growth  of 
a nucleus. 


(S)  Structure  of  the  nucleating  agent. 

Those  particles  that  have  many  hollows  and  larger 
diameters  will  more  readily  cause  nucleation.  .\.s 
mentioned  liefore.  however,  it  is  predicted  that  there 
exists  an  optimum  diameter  of  the  agent. 

These  are  probably  not  the  only  factors  related  to  nuclea 
tion  energy.  Especially  during  actual  production  of 
foaming  goods,  wnen  plastic  is  in  a flowing  state,  the 
presence  of  other  determining  elements  can  not  be  ruled 
out.  But,  at  least,  it  is  clear  that  if  a good  nucleating 
agent  is  to  lx-  found,  emphasis  must  lie  placed  on  the  re- 
sults obtained  in  the  alxive  discussion. 
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Abstract 


Investigations  have  shown  that  when 
designing  a rodent  shield  for  telecom- 
munications cables,  a critical  balance 
must  be  maintained  between  good  elec- 
trical parameters  and  adequate  protec- 
tion against  gopher  attack.  Improperly 
isolated  ferrous  materials  have  a 
deleterious  effect  on  carrier  frequency 
attenuation.  Data  are  presented 
showing  the  cause  for  recent  changes 
concerning  gopher  shielding  materials 
in  REA  cable  specifications. 


Introduction 


In  1976  and  1977  there  has  been  a great 
deal  of  controversy  generated  in  the 
area  of  the  proper  shield  material 
selection  for  rodent  shielded  tele- 
communications cables  and  buried  wires. 
This  paper  shall  highlight  this  con- 
troversy and  attempt  to  minimize  the 
resulting  confusion  by  presenting  the 
data  which  have  been  utilized  as  the 
basis  for  decision  making  at  the  REA. 
The  paper  deals  first  with  the  effects 
on  carrier  frequency  attenuation  caused 
by  5 mil  and  6 mil  copper-clad  ferrous 
stainless  steel.  The  paper  concludes 
with  a section  detailing  the  rationale 
behind  the  recent  increase  in  the 
required  thickness  of  copper  alloy  194 
for  small  pair  count  buried  cables. 


Section  I:  Electrical  Effects 

of  Ferrous  Shield  Materials 


Therefore,  it  causes  a non-uniform  dis- 
tribution of  conductor  current  when  the 
frequency  of  interest  is  high  enough  to 
be  in  the  conductor's  skin  effect  range. 
This  phenomena  increases  the  a.c.  resis- 
tance of  the  conductor  as  the  shield  is 
brought  into  closer  proximity  in  much  the 
same  manner  as  does  bringing  balanced 
pair  conductors  closer  together.^ 

This  shield  proximity  effect  can  be 
extended  to  twisted  pair  cables  and  is 
quantified  in  the  third  term  of 
Equation  1-1.2 

R = 2R^  > 2^1%  ^ - ’o|  % 

l_  ■ J 


R = a.c.  resistance 


D (D^-D) 


/sinh  2h 
Icosh  2h 


+ sin  2h\  _ ^ 

- cos  2hJ  D D 


K,  Sj^,  V and  C are  dimensional  constants 

D = inner  diameter  of  shield 


Dj^  = outer  diameter  of  shield 


d = diameter  of  conductor 


h = 7.98 


(D^  - D) 


Basic  Theory 


If  a conductive  shielding  material  is 
brought  into  the  proximity  of  a conductor 
carrying  an  a.c.  current,  as  shown  in 
Figure  I-l,  the  magnetic  field  of  the 
conductor  causes  a small  current  to  be 
generated  in  the  shield.  This  current 
is  in  such  a direction  as  to  oppose  the 
current  causing  it  to  be  generated. 


u^=  relative  permeability  of  the  shield 
0 = resistivity 

It  is  obvious  from  Equation  I-l  that  as 
the  permeability  of  the  shield  material 
is  increased  so  is  the  proximity  effect 
on  the  twin  pair  a.c.  resistance  for  the 
same  cable  geometry. 
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The  shields  of  interest  in  this  study  are 
constructed  from  copper  clad  stainless 
steel  (CCS) . The  CCS  which  has  been 
primarily  utilized  in  the  independent 
telecommunications  industry  for  buried 
wire  is  3.4  mils  of  430  series  stainless 
steel  metalurgically  bonded  between  two 
layers  of  0.8  mils  of  pure  copper  (5  mil 
CCS) . For  buried  cables,  the  accepted 
laminate  is  2 mils  of  430  series  stain- 
less steel  metalurgically  bonded  between 
two  layers  of  2.0  mils  of  pure  copper 
(6  mils  CCS) . 

The  calculation  of  the  effective  shield 
permeability  and  resistivity  at  each  fre- 
quency of  interest  would  be  a tedious 
tas)r  due  to  the  non-uniform  cross  section 
of  the  material.  One  would  predict  that 
6 mil  CCS  would  have  less  proximity 
effect  on  a.c.  resistance  than  5 mil  CCS 
for  the  equivalent  geometry,  due  to  the 
increased  thic)rness  of  the  inner  copper 
layer.  However,  s)rin  effect  calcula- 
tions would  indicate  that  a 2 mil  layer 
of  copper  would  not  be  adequate  to  cause 


the  majority  of  the  shield  current  to 
flow  in  the  copper. 

To  resolve  this  problem,  filled  wires 
were  constructed  with  identical  cores 
being  shielded  with  aluminum  and  5 mil 
CCS  and  filled  cables  were  constructed 
with  identical  cores  being  shielded  with 
5 mil  copper,  6 mil  alloy  194  and  6 mil 
CCS.  Conductor  resistance  and  pair 
attenuation  were  calculated  from  short 
circuit  impedance  and  open  circuit 
admittance  measurements  of  these  construc- 
tions. These  data  are  presented  in  the 
following  section. 


Shield  Proximity  Effects  on  Attenuation 

Data  ta)cen  on  the  equivalent  2 pair  22 
gauge  filled  wires  are  presented  in 
Table  I-l. 

Data  ta)cen  on  an  outer  layer  pair  of  the 
equivalent  12  pair  22  gauge  filled  cables 
are  presented  in  Table  1-2. 


TABLE  I-l 

PROXI.MITY  EFFECTS  OF  5 MIL  CCS  ON  FILLED  WIRE  ATTENUATION 


FRECJUENCY  (KHz)  SHIELD  TYPE 

ALUMINUM  5 MIL  CCS 

R(n/mi) g (dB/Mi ) R (D/mi) a (dB/mi) 


1 

170.5 

1.69 

176.9 

1.69 

50 

182.8 

6.32 

199.6 

6.56 

112 

207.9 

7.43 

236.2 

8.13 

200 

252.4 

9.16 

284.6 

9.95 

300 

302.0 

11.14 

337.7 

12.04 

TABLE  1-2 

PROXIMITY  EFFECTS  OF  6 MIL  CCS  ON  FILLED  CABLE  ATTENUATION 


FREQUENCY  (KHz)  SHIELD  TYPE 

COPPER  ALLOY  194  6 MIL  CCS 


R (n/mi) 

g (dB/mi ) 

R(!)/mi) 

g (dB/mi ) 

R ( 0/mi ) 

g (dB/mi) 

10 

185.0 

5.02 

184.7 

5.02 

181.4 

4. 94 

50 

195.3 

6.98 

196.1 

7.02 

196.2 

7.1 

80 

208.1 

7.65 

208.7 

7.67 

210.9 

7.70 

350 

346.4 

13.44 

350.0 

13.60 

347.1 

13.57 

772 

496.4 

19.94 

498.6 

20.09 

491.8 

19.95 

1000 

558.8 

22.86 

561.6 

23.07 

552.2 

22.87 

I 

L 
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The  data  in  Table  I-l  indicate  the 
deleterious  effects  that  5 mil  CCS  can 
have  on  filled  wire  analog  carrier 
attenuation  if  the  shield  is  not  far 
enough  removed  from  the  twisted  pairs. 

The  data  in  Table  1-2  indicate  the 
absence  of  these  deleterious  effects  when 
6 mil  CCS  is  employed  as  a rodent  shield 
for  filled  cables.  This  is  due  to  the 
shielding  effectiveness  of  the  2 mil 
inner  coating  of  copper  on  the  6 mil  CCS 
product . 

Section  II:  Thickness  Selection 

of  Rodent  Shields 


History 

Electrolytic  tough  pitch  (ETP)  copper  10 
mils  thick  has  been  utilized  in  the  tele- 
communications industry  over  the  past  15 
years  without  a reported  complaint  of 
rodent  damage  to  the  cable  core. 

Several  studies  have  been  conducted  at 
the  U.  S.  Fish  and  Wildlife  facility  in 
Denver,  Colorado,  which  give  10  mil  ETP 
copper  a mean  score  of  2.7  in  gopher 
resistance. 3 in  1976  a report  was  issued 
to  the  REA  from  the  field  as  to  the 
apparent  lack  of  puncture  resistance 
afforded  by  194  alloy'*,  and  at  the  same 
time  two  valid  field  complaints  were 
received  on  rodent  damage  to  small  dia- 
meter alloy  194  shielded  cables. 

Test  Program  and  Data 

A tost  program  was  opened  at  Denver.  In 
these  tests,  a sheet  of  steel  with  a hole 
two  inches  in  diameter  was  placed  at  the 
end  of  each  of  10  cages.  Samples  of  the 
cable  were  placed  across  the  hole  with 


care  being  taken  as  to  shield  overlap 
orientation.  The  following  rating  scheme 
was  used  to  evaluate  damage: 

0 . No  damage 

1.  Slight  Damage  - Outer  Jacket 

2.  Outer  Jacket  Penetrated 

3.  Shield  Penetrated 

4 . Conductors  Damaged 

5.  Cable  Severed 

The  cables  tested  are  summarized  in 
Table  II-l.  Care  was  taken  to  conduct 
one  test  with  the  shield  overlap  turned 
away  from  the  animal  and  two  tests  with 
the  shield  overlap  facing  the  animal. 

A summary  of  the  data  for  the  0.42  inch 
cables  tested  is  presented  in  Figure  II-l. 

A summary  of  the  data  for  6.0  mil  194 
alloy  and  5.0  mil  ETP  copper  for  the 
cable  diameters  tested  is  presented  in 
Figure  II-2. 

A summary  of  the  data  for  the  5.0  mil  ETP 
copper  shielded  cables  illustrating  the 
effect  of  making  the  shield  overlap 
accessible  to  the  rodent  is  presented  in 
Figure  II-3. 


Specification  Requirements 

It  has  been  decided  by  the  REA  that  any 
new  shield  material  submitted  for  approval 
must  have  a gopher  rating  of  less  than  2.7 


TABLE  II-l 

CABLES  TESTED  FOR  RODENT  ATTACK 


OVERALL  CABLE  DIAMETER  (IN) 

SHIELD  TYPE 

SlUELD 

NOMINAL  THICKNESS  (MILS) 

0 .42 

CCS 

5.5, 

6.0 

0.42 

194  Alloy 

5.5, 

6.0, 

6.5,  7.0,  7.5 

0.42 

196  Alloy 

5.5, 

6.0, 

6.5,  7.0,  7.5 

0.42 

ETP  Copper 

5.0, 

8.0, 

10.0 

0.63 

194  Alloy 

6.0 

0.75 

194  Alloy 

6.0 

0.75 

ETP  Copper 

5.0 

I. 00 

194  Alloy 

6.0 

1 . 5 

194  Alloy 

6.0 

1.5 

ETP  Copper 

5.0 

2.0 

ETP  Copper 

5.0 
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for  cable  overall  diameters  less  thati  1.25 
inches.  Due  to  higher  financial  liability 
a rating  of  2.0  is  the  standard  for  cables 
with  an  overall  diameter  greater  than  1.25 
inches.  This  desired  value  is  super- 
imposed on  Figure  II-l  and  Figure  II-2. 

Figure  II-l  demonstrates  that  6 mil  alloy 
194  does  not  possess  a low  enough  gopher 
rating  to  allow  its  continued  use  below 

0.60  inch  overall  cable  diameter.  There- 
fore, a change  was  effected  September  1, 
1976,  requiring  7 mil  alloy  194  for  cables 
with  an  overall  diameter  of  0.60  inches 
and  below.  Figure  II-2  demonstrates  the 
adequacy  of  6 mil  alloy  194  for  cable 
sizes  above  0.60  inches  overall.  This  is 
further  exhibited  when  one  considers  that 
6 mil  alloy  194  has  been  utilized  for  five 
years  with  no  reported  field  complaints 
for  rodent  caused  cable  failures  for  dia- 
meters in  excess  of  0.60  inches. 

Conclusions 

It  has  been  demonstrated  with  theory  and 
data  that  ferrous  shields  with  non-ferrous 
liners  with  less  than  the  conductivity 
equivalence  of  2 mils  of  copper  can  have 
deleterious  effects  on  carrier  frequency 
attenuation  of  twisted  pair  telephone 
cable  (wire)  if  proper  care  in  cable 
(wire)  design  is  not  talcen. 

Data  have  been  presented  which  justify  the 
increase  of  shield  thicicness  required  when 
alloy  194  is  utilized  on  cables  under  0.60 
inches  in  overall  diameter. 
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FIGURE  II-2 

RODENT  RESISTANCE  RATINGS  AS  A FUNCTION  OF 
CABLE  DIAMETER  FOR  ALLOY  194  AND  ETP  COPPER 


ETP  COPPER(5MIL) 


DESIRED  VALUE  , 

1 1 

ALLOY  I94(6.0MIL) 

till 

OVERALL  DIAMETER  (INCHES) 

FIGURE  11-3 

RODENT  RESISTANCE  RATINGS  AS  A FUNCTION  OF 
SHIELD  OVERLAP  ACCESS I BLITY  FOR  5 MIL  ETP  COPPER 


OVERALL  DIAMETER  INCHES) 


THE  PERFORMANCE  OF  CABLE  RECLAMATION 


S.  Kaufman,  R.  Sabia  and  J.  L.  Williams  M.  Brauer  and  T.  F.  Kroplinski 


Bell  Laboratories 
Norcross,  Georgia 

Abstract 

A reclamation  compound  was  developed 
in  1971  to  reclaim  waterlogged  PIC  cables. 
The  excellent  performance,  over  six  years, 
of  cables  reclaimed  with  this  compound  is 
reviewed.  In  addition,  the  development  of 
an  improved  compound  is  presented.  The 
new  compound  is  not  based  on  toluene  diis- 
ocyanate, does  not  stress  crack  polycar- 
bonate connectors,  ind  exhibits  a longer 
shelf  life.  Reclamation  data  using  the 
new  compound  show  that  it  also  exhibits 
excellent  performance  characteristics. 

Introduction 


NL  Industries 
Hightstown,  New  Jersey 

compound.^  Performance  of  this  second 
procedure  using  a compound  introduced  in 
1971  and  development  of  an  improved  re- 
clamation compound  are  the  subjects  of 
this  paper.  This  method  restores  the 
insulation  resistance  of  conductors  which 
have  not  corroded  open  but  results  in  a 
cable  exhibiting  a higher  capacitance 
than  original  design  specification.  How- 
ever, the  reclaimed  cable  is  no  longer 
vulnerable  to  water  reentry. 

A typical  field  setup  for  reclaiming 
a cable  by  gelling  in-place  the  hydropho- 
bic compound  is  shown  in  Figure  1.  Plugs 
are  injected  at  each  end  of  the  cable  sec- 


Maintenance  of  the  outside  plant  is  a 
major  concern  of  the  operating  telephone 
companies.  Due  to  the  large  investment  in 
the  plant,  methods  and  materials  for  re- 
habilitating the  outside  plant  offer  the 
operating  companies  significant  savings. 

In  1971,  methods  and  materials  for  re- 
claiming waterlogged  polyethylene  insula- 
tion (PIC)  cable  were  introduced. 1 This 
was  accompanied  by  the  development  of 
additional  methods,^'^  materials'*  and  test 
sets^  to  troubleshoot,  rehabilitate  and 
reclaim  cables,  coils  and  pedestals. 

This  paper  will  review  the  perfor- 
mance of  cable  reclamation  over  the  past 
six  years  and  present  data  on  an  improved 
reclamation  compound. 

Cable  Reclamation 


Reclamation  of  waterlogged  polyethy- 
lene insulated  (PIC)  cables  has  been  re- 
viewed. *-'2  Presently,  two  methods  are  be- 
ing used.  One  method,  limited  mostly  to 
flooded  but  undamaged  PIC  cables,  involves 
purging  of  water  using  high  pressure  dry 
air.  This  method,  where  applicable,  re- 
stores the  cable  to  original  design  speci- 
fication but  leaves  it  vulnerable  to  sub- 
sequent water  reentry.  The  other  method 
is  applicable  to  PIC  cable  with  sheath 
damage  (e.g.,  lightning)  and  is  based  on 
the  concept  of  purging  a waterlogged  cable 
and  gelling  in-place  a hydrophobic 
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Fig.  1 - Preparation  of  Cable  Sec- 
tion for  Reclamation 

tion,  and  pressure  flanges  are  installed 
at  the  bleed  and  injection  points.  Then 
the  compound  is  injected  in  both  direc- 
tions from  the  middle. 

Field  Performance  Evaluation 

In  order  to  evaluate  the  performance 
of  cables  reclaimed  with  this  method, 
three  cables  chosen  as  representative  of 
severe  field  environments  were  reclaimed 
in  1971  with  an  oil  extended  polyurethane 
compound*-  and  monitored.  The  insulation 
resistance  between  pairs  and  to  ground 
has  been  measured  at  intervals  over  this 
six-year  period. 

The  first  cable,  a 50  pair,  19  gauge 
alpeth  cable,  was  manufactured  with  multi- 
ple insulation  damages,  buried  in  a swamp 
area,  flooded  with  water  and  reclaimed. 
Typical  insulation  damages  at  50  foot  in- 
tervals are  shown  in  Figure  2.  After 
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Fig.  2 - Two  Types  of  Insulation 
Damages 

gelling  of  the  reclamation  compound,  the 
buried  cable  jacket  was  violated  at  100- 
foot  intervals.  Full  of  water,  this  test 
cable  exhibited  35  out  of  50  pairs  with 
insulation  resistance  values  of  10^  ohms 
or  less.  The  performance  after  reclama- 
tion is  shown  in  Figure  3,  with  all  pairs 
at  10°  ohms  or  better  after  six  years. 

The  second  cable  was  a working  19 
gauge  alpeth  cable  buried  in  a high  light- 
ning area.  Adjacent  buried  sections  had 
already  been  replaced  with  aerial  cable. 
Faced  with  continuing  trouble  reports,  the 
operating  company  agreed  to  reclaim  the 
remaining  buried  sections.  Some  of  the 
pairs  were  made  available  for  monitoring 
long  term  performance.  Figure  4.  After 
six  years,  all  monitored  pairs  are  10^ 
ohms  or  better,  which  is  satisfactory  for 
voice  use. 

The  third  cable  was  a 400  pair,  22 
gauge  alpeth  working  cable  buried  in  a 
wet  area.  It  had  a history  of  trouble 
reports  and  transposed  pairs.  The  per- 
formance after  reclamation  is  summarized 
in  Figure  5.  After  six  years,  all  pairs 
are  10'  ohms  or  better. 

Field  Problem  Reports 

Cable  reclamation  is  a success  as 
evidenced  by  the  field  performance  over 
six  years  and  the  widespread  acceptance  by 
telephone  companies.  Complaints  associ- 
ated with  cable  reclamation  have  been  few. 
Only  four  cases  have  come  to  our  attention 
and  none  of  these  has  indicated  a lack  of 
performance  by  the  reclamation  compound. 
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Performance  of  Working 
Cable  Reclaimed  in 
High  Lightning  Area 
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core  wrap  continued  to  exhibit  low  insula- 
tion resistance  after  reclamation. 

An  Improved  Cable  Reclamation  Compound 

The  original  reclamation  compound^  is 
an  oil  extended  two-part  polyurethane  com- 
pound. It  became  known  as  B reclamation 
compound.  It  exhibits  a number  of  desir- 
able characteristics  such  as  hydrophobi- 
city  and  low  viscosity  prior  to  gelling. 

A program  to  develop  an  improved  compound 
was  initiated  to  correct  certain  deficien- 
cies. The  objectives,  in  order  of  de- 
creasing importance,  were: 

(1)  to  increase  the  shelf  life  of  the 
compound, 

(2)  to  remove  the  need  of  a prepurge 
compound , 

(3)  to  eliminate  toluene  diisocyanate 
from  the  prepolymer, 

(4)  to  decrease  the  volatility  of  the 
gelled  compound,  and 

(5)  to  develop  a compound  which  did  not 
dissolve  or  stress  crack  polycar- 
bonate materials. 

The  new  formulation  has  replaced  the  orig- 
inal compound  and  is  marketed  as  C reclam- 
ation compound. It  meets  all  objectives 
listed  above.  Furthermore,  C reclamation 
compound  has  essentially  the  Scune  handling 
characteristics  as  B reclamation  compound. 


Fig.  5 - Performance  of  a Working 
Cable  Reclaimed  in  a Wet 
Area 


In  one  cable,  an  existing  encapsulat- 
ed splice  was  used  as  the  plug  at  a bleed 
point,  per  Figure  1.  Water,  trapped  be- 
tween the  bleed  point  and  the  splice, 
penetrated  the  splice  under  the  injection 
pressure  used  during  reclamation  and  led 
to  low  insulation  resistance  problems. 

The  recommendation  now  in  similar  circum- 
stances is  to  inject  a plug  adjacent  to 
the  splice  to  act  as  the  primary  barrier 
to  any  water  trapped  in  the  cable. 


Another  cable  after  reclamation  ex- 
hibited two  pairs  at  10^  ohms.  Field  and 
laboratory  investigations  in  which  the 
cable  was  dissected  and  analyzed  traced 
the  problem  to  cuprous  sulfide  trees® 
which  shorted  the  pairs. 


Excessive,  multiple  insulation  dam- 
ages which  escaped  factory  inspection  were 
the  causes  for  the  poor  reclamation  of  the 
last  two  cables.  In  one  cable  corrosion 
of  the  conductors  was  too  advanced  prior 
to  reclamation.  The  other  cable  used  a 
spun  bonded  polyester  core  wrap  which  if 
wet  cannot  be  dried  under  field  conditions. 
Exposed  conductors  in  contact  with  the  wet 


The  basic  chemistry  of  the  new  com- 
pound is  described  in  the  patent  litera- 
ture.® A reenterable  encapsulant®  intro- 
duced in  1975  also  employs  this  technolooy. 
By  suitable  choice  of  components  and  con- 
centrations, the  shelf  life,  viscosity, 
gel  time,  volatility,  as  well  as  the 
stress  cracking  activity  of  the  compound 
can  be  controlled. 

B reclamation  compound  exhibited  a 
shelf  life  of  about  6-12  months.  This  was 
a severe  limitation,  since  the  viscosity 
and,  hence,  pumping  time  increase  as  the 
shelf  life  is  approached.  The  aging  char- 
acteristics of  C reclamation  compound  have 
been  studied  over  a four-year  period. 

Table  I.  These  data  indicate  that  prop- 
erly sealed  containers  of  the  compound  do 
not  experience  significant  increases  in 
viscosity,  and  that  the  gel  time  is  quite 
stable  even  after  46  months. 
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Table  I 


Table  III 


r 


Effect  of  Aging  on  the  Gel  Time  of 
C Reclamation  Compound 


Temperature  Dependence  of 
C Reclamation  Compound 


Gel 

Initial 

Gel 

Time* 

Viscosity 

(cps) 

Temperature 

Viscosity  (cps) 

Time 

Months 

(hrs) 

Part  I 

Part  II 

°C 

of  Mixture 

(hrs) 

0 

23 

19 

16 

15 

28 

40 

7 

19 

25 

19 

23 

18 

20 

35 

15 

13 

46 

22 

22 

24 

The  cable 

reclamation  time 

is  depen- 

*Gel  time  is  defined  here  as  the  time 
to  reach  1000  centipoises  using  a 
Brookfield  Viscometer  and  a number  1 
spindle  at  6 rpm  and  25°C. 


After  mixing,  the  viscosity  increases 
exponentially  up  to  gel  formation,  Table 
II.  Since  at  a given  pressure,  the  pump- 
ing time  is  proportional  to  the  viscos- 
ity,^ the  reclamation  procedure  requires 
careful  planning  so  that,  in  general,  no 
section  will  require  more  than  two  hours 
of  pumping.  During  this  period  the  vis- 
cosity of  C reclamation  compound  increases 
by  a factor  of  2 to  3. 


dent  on  the  viscosity  of  the  compound. 

The  low  vistosity  components  used  in  the 
compounds  necessarily  exhibit  high  volatil- 
ities. The  volatility  of  B reclamation 
compound  was  acceptable  since  it  was  used 
in  a buried  application.  The  data,  after 
six  years  in  the  field,  support  this  engi- 
neering decision.  The  volatility  of  C re- 
clamation compound  is  approximately  half 
that  of  B reclamation  compound.  Further 
improvements  were  not  warranted  based  on 
the  field  performance. 


Table  II 


Viscosity  of  C 

Reclamation  Compound 

As  it  Gels 

(Mixed  at  25°C) 

Time  (hrs) 

Viscosity  (cps) 

0 

20 

1 

35 

5 

70 

10 

120 

15 

210 

20 

440 

22 

1000 

B reclamation  compound  dissolves 
polycarbonate  connectors.  Thus,  buried 
cable  splices  and  splices  in  aboveground 
terminals  had  to  be  protected  during  cable 
reclamation.  A design  objective  for  the 
new  compound  was  that  it  would  not  dis- 
solve or  stress  crack  polycarbonate  con- 
nectors. A test  was  designed^  in  which  an 
annealed  polycarbonate  flexure  bar  was 
strained  to  0.75%  and  exposed  to  the  com- 
pound at  room  temperature  for  30  days. 

The  requirement  was  that  the  bar  should 
not  craze  or  crack  during  or  after  curing. 
C reclamation  compound  passed  this  test 
with  no  visible  degradation.  The  test  was 
continued  for  one  year  with  still  no  visi- 
ble signs  of  degradation. 


In  keeping  with  the  concept  that  re- 
clcimation  of  a cable  section  will  require 
about  2 hours  of  pumping  time,  the  gel 
time  may  be  set.  Thus,  the  gel  time 
typically  is  about  23  hours  at  25“C, 

Tables  I and  II.  However,  the  gel  time  of 
production  lots  may  vary  between  15  and  40 
hours.  It  is  also  strongly  dependent  on 
temperature.  The  importance  of  keeping 
the  compound  and  pump  well  shaded  and  cool 
is  illustrated  in  Table  III  or  the  com- 
pound may  gel  in  the  pump  on  sunny,  hot 
days. 


Selected  physical  properties  of  the 
reclamation  compounds  are  presented  in 
Table  IV.  The  densities  of  each  part  in 
either  compound  are  essentially  the  same, 
so  that  the  proper  mix  ratio  of  1:1  can  be 
obtained  on  either  a weight/weight  or 
volume/volume  basis.  Also,  the  pour  point 
of  both  parts  is  well  below  normal  operat- 
ing temperature.  The  difference  in  densi- 
ties between  the  B and  C reclamation  com- 
pounds is  reflected  in  the  cable  reclama- 
tion process,  i.e. , when  water  and  com- 
pound are  being  purged  out  of  the  calle, 

C reclamation  floats  while  B reclamatior 
compound  sinks.  Thus,  when  reclaiming  a 
cable,  water  is  purged  out  followed  by  a 
mixture  of  compound  and  water  which  sepa- 
rates out.  When  phase  separation  stops, 
he  reclamation  process  is  completed. 


/ 


27 


Table  IV 


Physical  Properties  of 
Reclamation  Compounds 

B Compound  C Compound 

Part  I Part  II  Part  I Part  II 

Density  1.02  1.00  0.844  0.845 

(g/cc) 

Pour  Point  8 -36  5 6 

(-C) 

Flash  Point  129  132  127  131 

(°C) 


The  electrical  properties  of  C re- 
clamation compound.  Table  V,  are  slightly 
superior  to  B reclamation  compound 


Table  V 


Electrical  Properties  (25°C) 


C 

Compound 


B 

Compound 


Dielectric  Constant 
1 kHz 

Dissipation  Factor 
3 1 kHz 

Volume  Resistivity 
at  100  vdc  (ohm-cm) 


2.6  2.6 
0.001  0.005 

1.6x10^3  1. 5x10^1 


The  gelled  reclamation  compounds  are 
soft  gels  with  very  low  tear  strengths. 
Thus,  in  those  cases  where  a reclaimed 
cable  has  to  be  spliced  (for  example,  if 
it  is  cut) , entry  is  not  a problem.  How- 
ever, since  low  density  polyethylene  in- 
sulation is  softened  by  those  compounds, 
handling  with  care  is  requiied  to  avoid 
excessive  elongation  of  the  insulation 
and  to  insure  a good  splice. 

In  evaluating  the  performance  of  C 
reclamation  compound,  a 50  pair,  26  AWG 
alpeth  cable  with  deliberate  insulation 
damages.  Figure  2,  was  manufactured  per 
Table  2. 


Table  2 


Types  of  Insulation  Damages 
Pair  Number  Condition 

1-20  Scraped  with  hot  solder  iron 
21-25  Not  intentionally  damaged 
26-45  Crimped  with  round-nose  pliers 
46-50  Not  intentionally  damaged 

The  cable  was  divided  into  three  300- 
foot  sections.  After  filling  with  water, 
ill  three  sections  were  reclaimed  with  C 
reclamation  compound  a.s  discussed  below. 


The  need  of  a prepurge  compound^®  was 
evaluated,  using  two  experimental  cables. 
The  prepurge  compound  is  polypropylene  gly- 
col. It  is  miscible  with  water  and  B re- 
clamation compound  but  is  not  miscible 
with  C reclamation  compound.  It  was  intro- 
duced since  data  and  visual  examination 
indicated  that  if  pumped  into  a water- 
logged cable  ahead  of  the  reclamation  com- 
pound, it  improved  the  purging  of  water 
out  of  the  cable.  This  was  accomplished 
at  the  expense  of  increased  pumping  time. 
Cable  reclamation  results  indicated  that 
with  C reclamation  compound,  the  use  of 
polypropylene  glycol  is  not  necessary  and 
its  use  has  been  eliminated. 

The  performance  of  the  third  cable 
reclaimed  with  C reclamation  compound  is 
summarized  in  Figures  6 and  7.  After  18 
months,  all  pairs  of  one  of  the  inten- 
tionally damaged  cables,  which  was  re- 
claimed while  buried  in  a cable  test 
lot,  exhibited  volume  resistivities  in 
excess  of  10®  ohms.  Figure  6.  The 
change  in  capacitance  with  time  may  re- 
flect compound  components  being  absorbec. 
by  the  insulation,  migrating  to  the  con- 
ductor-insulation interface  and  changing 
the  effective  dielectric  constant. 

Cables  reclaimed  with  B reclamation  com- 
pound and  monitored  for  only  seven  month? 


Fig.  6 - Insulation  Resistance  Data 
of  Cable  Reclaimed  with 
Improved  Reclamation 
Compound 
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show  similar  trends.  This  change  is  not 
important  for  voice  transmission. 

In  addition  to  the  above  experiments, 
C reclamation  compound  was  used  on  field 
trials  with  two  operating  companies. 

These  trials  were  successful  and  concluded 
the  evaluation  program. 


--I 
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Fig.  7 - Capacitance  Before  and 
After  Reclamation 
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Conclusion 


Reclamation  of  waterlogged  cables  by 
pumping  into  the  cable  a compound  which 
displaces  water  and  gels  in  place  is  a 
widely  accepted  practice.  The  perfor- 
mance of  cables  reclaimed  by  this  method 
in  1971  using  B reclamation  compound  has 
been  excellent.  No  failures  attributable 
to  the  compound  have  been  reported.  An 
improved  reclamation  compound  has  been 
introduced.  It  is  not  based  on  toluene 
dissocyanate , exhibits  an  extended  shelf 
life  and  does  not  attack  polycarbonate 
connectors.  Insulation  resistance  data 
have  been  presented  which  show  that  a 
cable  reclaimed  with  C reclamation  com- 
pound has  performed  over  a period  of  18 
months  as  well  as  cables  reclaimed  with 
B reclamation  compound. 
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PATTERN  BELT,  A NEW  INDUCTIVE  WIRE  FOR 
POSITION  DETECTION  OF  LINEAR  MOTOR  VEHICLES 
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Tokyo,  Japan  Hukuoka,  Japan 

ABSTRACT 

A new  inductive  wire  cable  designed  for  position 
detection  of  linear  motor  vehicles  was  developed  and 
installed  along  JNR's  test  track  in  Miyazaki,  Japan. 

The  cable  is  formed  by  laying  transpositioned  multi- 
pair inductive  wires  in  a fixed  pattern  on  a common 
plastic  belt.  In  the  course  of  the  development 
work,  problems  involving  dimensional  stability  and 
crosstalk  between  different  circuits  — particularly 
important  problems  affecting  performance  — were 
resolved.  As  a result,  hi^  precision  position 
detection  of  linear  motor  vehicles  will  be  possible. 

1.  DJTRODUCTION 

Linear  motor  vehicles,  viz.,  vehicles  for  magnetic- 
ally levitated  ground  tranportation,  are  now 
attracting  attention  as  a pollution-free  means  of 
rapid  transit.  They  produce  very  little  noise  or 
vibration  bewause  they  operate  without  contacting 
any  object,  whereas  conventional  railway  vehicles 
run  on  wheels  contacting  the  rail  track,  with  the 
pantograph  contacting  the  power  line.  Moreover, 
linear  motor  vehicles  are  thougiit  to  be  capable  of 
speeds  up  to  500  km  per  hour,  by  far  exceeding  the 
acknowledged  limit  of  500  kph  for  conventional 
railways.  The  Japanese  National  Railways  (JNR) 
began  research  work  on  magnetically  levitated  ground 
transportation  around  1962.^  Since  April  1977. 
experiments  have  been  conducted  on  a part  of  test 
track  in  Miyazaki  Prefecture,  Japan.  Fig.  1 is  a 
sectional  diagram  of  the  linear  motor  vehicle  used 
in  the  experiments. 

A key  point  in  forming  a safety  control  system 
for  the  linear  motor  vehicle  lies  in  securing  posi- 
tion detection  of  the  vehicle.  In  the  case  of  linear 
motor  drive,  requirements  for  position  detection  are 
different  from  those  in  conventional  vehicles,  in 
the  following  respects: 

(a)  Since  the  linear  motor  vehicle  is  levitated,  the 
rail  cannot  be  used  for  position  detection  as  it 
is  for  conventional  vehicles. 

(b)  To  secure  good  efficiency  of  the  linear  motor, 
position  detection  for  controlling  the  feeder 
section  switch  is  required  in  order  that  current 
may  flow  only  in  the  ground  coils  near  the 
vehicle. 

The  linear  motor  for  the  JNR*s  test  track 
in  Miyazaki  is  a linear  synchronous  motor.  In 
this  case. 

(c)  Position  detection  must  be  made  so  that  synchro- 
nous operation  of  the  linear  motor  will  be 
possible  by  switching  the  ground  coil  current 
synchronously  with  the  on-board  magnet  position. 

For  high-speed  operation  in  the  range  of  500  kph, 
position  detection  must  be  made  at  high  accuracy. 

In  an  effort  to  meet  the  above  requirements,  the 
possibility  of  using  induction  radio  techniques  for 
position  detection  was  investigated,  and  it  was  con- 
cluded that  a detection  system  utilizing  transposi- 
tioned multi-pair  inductive  wires  is  applicable  for 
that  purpose.  We  arranged  transpositioned  multipair 
inductive  wires  on  a plate  core  and  covered  it  with 
a sheath,  to  produce  a flat  cable.  This  cable  can  be 
installed  in  the  same  way  as  any  conventional  cable. 
From  its  appearance,  the  new  cable  was  named  "pattern 
belt." 
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Fig.  2 shows  a position  detecting  system  based 
on  transpositioned  m\iltipair  inductive  wires 
(pattern  belt). 

The  pattern  belt  is  installed  along  the  linear  motor 
vehicle  track  in  a way  that  it  is  held  in  a specified 
position  relative  to  the  ground  coils. 

A 180  kHz  signal  transmitted  from  the  on-board 
antenna  is  received  by  the  pattern  belt  through  which 
it  proceeds  to  the  central  receiving  equipment 
(position  detecting  equipment),  where  the  vehicle 
position  and  speed  are  detected.  Based  on  that 
information,  ground  coil  current  is  controlled. 

Fig.  5 shows  the  relative  position  of  on-board 
antenna  and  pattern  belt. 

2.  VEHICLE  POSITION  DETECTION  BY  PATTERN  BELT 
Configuration  of  Pattern  Belt 

Fig.  4 is  a block  diagram  of  a linear  motor 
vehicle  position  detecting  system  using  transposi- 
tioned multipair  inductive  wires.  Six  pairs  of 
inductive  wires  are  arranged  one  on  top  of  the  other 
on  the  same  plate  core,  so  that  each  inductive  pair 
is  held  in  a specified  position  relative  to  the 
corresponding  ground  coil  (U^,  of  Wx).  Each  pair 
forms  a loop  at  the  point  of  the  corresponding 
groxmd  coil.  The  loops  are  in  transposition. 

Principle  of  Position  Detection 

As  is  shewn  in  Fig.  2,  the  pattern  belt  is 
divided  into  several  blocks  over  the  entire  route, 
and  the  blocks  are  connected  by  cable  to  the  central 
receiving  equipment  through  repeaters. 

Fig.  4 explains  the  principle  with  regard  to 
the  Ul  pair.  As  the  on-board  transmitting  antenna 
moves,  a voltage  corresponding  to  coil  position  is 
received.  This  voltage  undergoes  amplification, 
detection  and  comparison.  The  moment  the  comparator 
input  level  reaches  the  threshold  level  is  regarded 
as  the  moment  the  vehicle  passes  the  coil  corres- 
ponding to  the  Ul  pair.  In  this  way,  position 
detection  is  made. 

Feeder  section  can  be  detected  by  counting  the 
output  for  the  coil  position  detection  in  a unit 
feeder  section.  A method  of  using  the  pattern  belt 
to  detect  vehicle  position  as  continuous  analog 
values  is  being  studied.^ 

5.  CONSTRUCTION  OF  PATTERN  BELT 
Cable  of  Transpositioned  Multipair  Inductive  Vires 

Manj'  pairs  of  transpositioned  inductive  wires 
mean  many  signals  of  antenna  position;  hence  a higher 
detecting  accuracy  can  be  expected.  It  is  not 
practical  to  install  the  pairs  separately  since  this 
would  increase  the  number  of  inductive  wires.  The 
wires  were  arranged  in  a specified  pattern  on  a com- 
mon belt-like  plate  core,  which  was  then  wrapped  in 
a common  sheath.  The  product  was  named  pattern  belt. 
In  making  the  cable,  attention  was  paid  to  the 
following  requirannts: 

(l)  As  installed  inductive  wires  must  be  held  in  a 
specified  position  dimensionsdly  relative  to  the 
ground  coils  of  the  linear  motor,  variation  of 
longitudinal  dimensions  due  to  variation  of 
temperature,  tension  and  other  factors  during 
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manufacture  or  after  installation  must  be  mini- 
mized. 

(2)  Usin^  many  pairs  of  inductive  wires  results  in 
greater  possibility  of  crosstalk  or  noise 
between  different  pairs.  Therefore,  an  instal- 
lation pattern  subject  to  minimum  electrical 
coupling  between  pairs  must  be  selected. 

(5)  The  cable  must  allow  easy  installation  by  con- 
ventional cable  techniques. 

(4)  The  cable  must  be  strong  enough  to  withstand 
wind  pressure  and  vibration  generated  by  high- 
speed operation  of  the  linear  motor  vehicle. 

(5)  The  cable  must  have  sufficient  weatherability  to 
prevent  deterioration  of  inductive  wires  due  to 
exposure  to  the  elements. 

Fig.  5 and  Table  1 show  the  construction  of  a 
newly  developed  pattern  belt  that  meets  the  require- 
ments listed  above.  Twisted  pairs  of  inductive 
wires  with  loops  at  specified  points  are  placed  on 
a belt-like  FRP  core  plate  and  fixed  in  place  by 
using  hole  notches  provided  on  both  edges  of  the 
core  plate.  The  core  plate  is  then  jacketted  in  a 
common  sheath  supported  by  suspension  wires  running 
along  both  edges. 

Material  for  Core  Plate 

Variation  of  the  length  of  the  pattern  belt  due 
to  temperature,  tension  and  other  factors  will  affect 
the  acciuracy  of  position  detection. 

Suppose  that  expansion  and  contraction  of  the  pattern 
cable  of  inductive  wires  must  be  limited  to  ± 10  cm. 
The  cable  used  on  the  test  track  in  Miyazaki  was 
made  in  unit  lengths  of  120  m in  consideration  of 
ease  of  transportation  and  installation.  Therefore, 
the  allowable  expansion  and  contraction  is  ±10cm/120m, 
viz.  ± 0.085  (8.5  X 10"4). 

In  securing  dimensional  stability  of  the  pattern 
cable  of  inductive  wires,  selection  of  the  proper 
material  for  the  core  plate  is  the  most  important 
consideration.  Even  if  the  hole  notches  in  the  core 
plate  (Fig.  5)  are  made  accurately  and  the  inductive 
wires  are  installed  with  hi^  precision,  the  un- 
usually rigid  requirement  of  * 0.085  ^ cannot  be  met 
if  the  core  plate  should  expand  or  contract  due  to 
the  heat  in  the  extrusion  process,  the  tension  at 
installation,  the  temperature  variation  following 
installation,  or  to  other  reasons. 

A metal  plate  has  a small  coefficient  of  expan- 
sion, but  is  not  suited  for  a core  plate  for  induc- 
tive wires  because  it  shields  radio  waves.  The  core 
plate  must  have  a suitable  flexibility  in  order  that 
the  cable  may  be  wound  on  a drum  during  manufacture 
of  after  completion,  and  that  the  completed  cable 
may  be  handled  with  ease  during  installation. 

After  examining  various  materials  with  these 
conditions  in  mind,  it  was  found  that  a core  plate 
of  FR?  would  be  the  best  choice. 

Table  2 shows  the  measured  Young’s  modulus  and 
coefficient  of  linear  expansion  of  the  FRP  core  plate 
used  in  the  pattern  belt  illustrated  in  Fig.  5,  as 
compared  with  those  of  a hi^-density  PE  core  plate. 

As  is  shown  in  Table  2,  deviation  of  length  in  cables 
of  the  two  materials  subjected  to  a tension  of  about 
900  kg  was  only  0.025  ^ for  FRP  as  against  0,4^^  % 
of  high-density  PE. 

FRP  resists  elongation  even  at  high  tempera- 
t\ires  and  is  effective  in  minimizing  deviation  of 
length  due  to  heat  during  manufacture  and  use.  It 
is  also  useful  as  a tension  member. 

Strain  during  manufacture  often  remains  in 
plastic  materials.  Consequently,  they  occasionally 
show  thermal  contraction,  which  leads  to  deviation 
of  length.  Pig.  6 shows  thermal  contraction  of  an 
FRP  plate  (2  x 120  mm)  and  a high-density  PE  plate 
(3  X 130  mm)  as  observed  in  a heat  cycle  test.  FRP 
shows  a small  thermal  contraction,  which  makes  iv 
ideal  for  a core  plate. 


4.  CHARACTERISTICS  OF  PA'rTER]!  BELT 
Crosstalk  Couplirur  Between  Inductive  Pairs 

In  using  transpositioned  multipair  inductive 
wires  over  a long  distance,  crosstalk  between  differ- 
ent inductive  pairs  poses  a problem.  With  strong 
coupling  and  intense  crosstalk  between  pairs  recep- 
tion level  would  vary,  making  accurate  position 
detection  difficult.  Ihe  relationship  between  cross- 
talk and  installation  pattern  of  inductive  pairs  was 
considered. 

In  a pattern  belt  of  six  pairs  of  transposition- 
ed inductive  wires  trially  manufactured  in  the  early 
stage  of  our  development  work,  the  inductive  wires 
were  arranged  as  in  Pattern  I in  Pig.  7 (a).  In  this 
case,  major  causes  of  crosstalk  between  different 
inductive  pairs  were,  in  the  order  of  seriousness:  (i) 
coupling  between  adjacent  loops,  (ii)  coupling  between 
loop  and  lead,  and  (iii)  coupling  between  leads. 

With  the  inductive  wires  arranged  as  in  Pattern 
II  in  Fig.  7 (b),  coupling  between  pairs  was  vastly 
reduced.  The  differences  from  Pattern  I are  (i)  each 
loop  is  made  shorter,  (ii)  the  lead  part  of  inductive 
wires  is  twisted,  and  (iii)  twisting  pitch  is  varied 
from  pair  to  pair. 

Table  3 shows  crosstalk  loss  between  inductive 
pairs  in  Patterns  I and  II.  It  will  be  noted  that 
fax-end  crosstalk  loss  (FXT)  in  Pattern  II  is  I6  dB 
better  in  both  mean  and  minimum  values. 

Possible  methods  of  stacking  twisted  inductive 
wires  on  the  core  plate  are  shown  by  Patterns  Il-a 
and  Il-b  in  Fig.  8 (c).  At  an  operating  frequency  of 
180  kHz,  the  required  crosstalk  loss  is  presumed  to 
be  at  least  25  dB/km.  To  verify  the  possibility  of 
realizing  this,  we  measured  crosstalk  loss  frequency 
characteristics  using  a sample  of  about  70  m length. 
The  results  are  shown  in  Fig.  8.  If  the  length 
dependence  of  crosstalk  may  be  assumed  to  deteriorate 
at  the  rate  of  20  log  L as  a general  tendency,  then 
a crosstalk  loss  of  at  least  49  dB  will  be  needed  for 
70  m.  In  both  Patterns  Il-a  and  Il-b,  this  requirement 
is  easily  met.  In  Pattern  Il-a,  however,  crosstalk 
suddenly  deteriorates  as  frequency  increases,  so  that 
there  is  a danger  of  intense  crosstalk  where  long 
distances  are  involved.  It  was,  therefore,  concluded 
that  Pattern  Il-b  is  a better  choice  as  the  construc- 
tion of  inductive  wires. 

Transmission  Properties  of  Pattern  Belt 

Table  4 shows  some  transmission  properties  of 
the  pattern  belt. 

For  use  on  the  Miyazaki  test  track  both  the 
on-board  signal  generator  and  antenna  were  newly 
developed.  Pig.  9 gives  some  measured  coupling  losses 
between  on-board  antenna  and  pattern  belt.  At  the 
Miyazaki  test  site,  the  antenna  and  pattern  belt  are 
arranged  about  520  mm  apart  as  in  Pig.  5»  so  that 
coupling  loss  is  54  dB  (180  kHz)  according  to  Fig.  9* 
Prom  Fig.  9*  it  will  be  seen  that,  at  around  h=520  mm, 
variation  of  coupling  loss  with  a variation  of  spacing 
between  antenna  and  pattern  belt  is  about  0.35  dB/lOmm. 

5.  INSTALLATION  OF  PATTERH  BELT 

For  transportation,  each  pattern  belt,  made  in  a 
unit  length  of  120  m,  is  wound  on  a cable  drum  (as 
ordinary"  cable  drum  modified  for  pattern  belts). 
Installation  is  accomplished  by  almost  the  same 
procedure  as  for  ordinary  cables.  In  installation, 
the  two  suspension  wires  on  both  edges  of  the  pattern 
belt  can  be  utilized  as  tension  members.  Fig.  10 
shows  installation  of  Pattern  Belt. 

Installation  of  Pattern  Belt 

The  greatest  difficulty  encountered  in  instal- 
ling a pattern  belt  is  the  fact  that  the  proper 
relative  position  between  the  pattern  of  inductive 
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pairs  aiid  the  (ground  coils  must  be  secured  at  all 
points  along  the  route.  Tlie  position  must  be  main- 
tained within  the  rank's  of  allowable  error  not  only 
at  the  time  of  installation  but  also  at  all  times 
thereafter  even  \inder  temperature  changes  and  vibra- 
tions due  to  passing  vehicles. 

To  make  this  Possible,  the  sheath  was  marked  in 
advance  to  show  positions  of  loops  of  certain  couples 
of  inductive  wires  and.  at  cable  installation,  these 
guide  marks  were  aligried  with  the  ground  coils. 

Also,  cable  installation  hardware  was  designed 
especially  to  withstand  ai;y  increase  of  tension  in 
supports  that  may  be  caused  by  temperature  changes 
and  wind  pressure  from  passing  vehicles. 

The  following  three  types  of  installation 
hardware  were  used: 

a.  Suspension  hardware  (Pig.  ll) 

b.  Strain  hardware  (Pig.  12) 

c.  Dead-end  hardware  (Fig.  1^) 

Cable  Jointin/r 

Pattern  belts  are  jointed  to  form  a repeater 
block  (Fig.  2), 

In  jointing  work,  care  was  taken  not  to  disrupt  the 
loop  shape  and  positions  of  the  pairs  of  inductive 
wires  in  the  longitudinal  direction.  Also,  to  re- 
inforce the  joints  and  prevent  water  leakage  there, 
they  were  covered  with  a polyethylene  sleeve  with 
an  elliptical  section,  which  was  welded  to  the  polye- 
thylene sheath  of  the  pattern  belt.  Fig.  I4  and  I5 
show  a joint  and  a termination,  respectively. 

6.  coNCLi’5io::s 

A pattern  belt  was  developed  and  shown  to  have 
high  dimensional  stability,  which  is  required  in 
position  detection  of  linear  motor  vehicles. 

Crosstalk  between  different  inductive  pairs  in  the 
pattern  belt  was  found  to  pose  no  problem.  Tlie 
pattern  belt  can  be  installed  in  almost  the  same  way 
as  conventional  cables.  The  advai'.tages  of  a cable 
of  transpositio  ^d  raxiltipair  inductive  wires  can 
thus  be  given  fuj.1  play. 

The  cable,  installed  along  JTTR's  test  track 
under  construction  in  Miyazaki,  is  now  imdergoing 
field  application  tests.  The  authors  are  confident 
that  it  will  prove  to  be  applicable  for  practical 
purposes. 
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Repeater 


TranspositiOned  Multipair  Inductive  Wire 
(PATTERN  BELT) 


Central  Receiving  Equipment 
Feeder  Section  Control  Eqipment 


Fig,  2 F^asition  Detecting  System  by  Transpositioned  Inductive  Wires 


Signal  Generator 
Ground  Coil  For  Propulsion 


Antenna 

Transpositioned  Inductive  Wires 
( Pattern  Belt) 

Ground  Coil  For  Levitation 


Fig.  3 Installation  of  Pattern  Belt 
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Fig.4  Block  Diagram  of  The  Detecting  System  by  T-anspositioned  Multipair  Inductive  Wines 


Fig,  5 Physical  Structures  of  Pattern  Belt 
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Table  3 Crosstalk  Loss 


Loop  Antenru 


Mean(dB) 


Crosstalk 


Pattern 


Loop  of  Rittefn  BHt 


F^ttern  D*a 
fettwn  n*  b 


Fig,  9 Coupling  Loss (Antenna-patt<?m  Belt  > 


Frequency  (MHz) 


Fig.  8 Crosstalk  Loss  Frequency  Characteristics 


Fig.  10  Installation  of  F^t tern  Belt 


Item 

Unit 

Measired  Value 

Measured  Frequency 

KHz 

leo 

Attenuation 

dB/km 

36 

NXT 

dB/km 

Not  less  than  43 

Crosstalk  Loss 

FXT 

dB  /km 

Not  less  than  44 

Characteristic  Irrpedance 

L::n 

Approx.  170 

Table  t Physical  ConsU^tion 


InductiveWirc 

Conductor 

Stranded  annealed  tinned  copper 

Wire  0.9  mm* 

1 Insulation 

Coloured  polyolefin 

Plate  Core 

Fiberglass  Reinforced  Plastc(FRP ) 
Thick  X Width.  2mm  x 120mm 

Wrapping 

Plastic  or  Cloth  tape 

Sospc.'uion  Wire 

Galvanized  steel  wires 
number  / mm  : 7/  2.9 

JacKet 

Black  polyethylene 

Nominal  thick.  : 3mm 

Weight 

Approx.  2.3  Kg/m 

Fig.  6 Thermal  ContriKtion  of  FRP  Plate 


Table  2 Comparison  of  Core  Plate  Material 


Material 

Deviation  of 

Length  ( '/. ) 

FRP 

2 X 

120 

t 

O 

X 

00 

o 

840 

600 

0.025 

High  Density  PE 

3 X 

120 

' X 

o 

49 

8.9 

0.48 

Loop 


Pattern  n-a  Pattern  II  - b 


(c)  Realization  of  Pattern  II 
Fig.  7 Constructions  of  Inductive  Wirers 
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Fig,  11  Suspension  of  Pattern  Belt 


Jointing  of  Pattern  Belt 


Fig,  12  Strain  of  Pattern  Belt 


Terminating  of  Pattern  Pelt 
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ABSTRACT 

A new  ETFE  based  cable  insulation,  having  a 
polyimide  topcoat,  appears  as  one  of  the  best 
compromises  on  characteristics  and  price  for  use 
in  Aerosprce,  Electronics,  Nuclear,  and  Rapid 
Transit  areas.  Such  cables  maintain  good 
handling  characteristics  and  demonstrate  signif- 
icantly improved  mechanical,  thermal,  overload, 
flame,  and  radiation  resistance  over  straight 
ETFE  cables. 


INTRODUCTION 

The  market  for  wires  and  cables,  produced 
for  Specific  Applications  such  as  Aeronautics, 
Electronics,  Rapid  Transit  and  Nuclear  Plants, 
has  been  moving  most  quickly  those  last  years. 
This  trend  is  related  to  real  needs  of  the 
Industry,  which  has  to  cut  prices  and  weights 
while  always  improving  the  characteristics  of 
its  equipments,  in  order  to  better  compete  at 
an  International  level. 

The  T/H  cable  construction,  wc  are  in- 
troducing here,  has  been  developed  according 
to  those  considerations  and  it  appears  as  one 
of  the  best  compromise  on  price  and  charac- 
teristics among  all  cable  constructions  now 
available.  Nevertheless,  we  must  point  out  that 
T/H  cables  are  not  a quite  new  development,  and 
have  already  been  chosen  for  a French  Commercial 
Plane . 


T/H  CABLE  CONSTRUCTION 

The  T/H  hook-up  wire,  we  wish  to  present, 
has  an  extruded  ETFE  insulation  with  a polyimide 
topcoat,  both  insulating  layers  being  in  intimate 
contact.  No  air  gap  must  remain  between  the  ETFE 
and  polyimide  layers,  which  can  be  easily 
obtained  through  our  production  procedures.  Let 
us  insist  on  the  fact  that  air  gaps  must  be 
avoided  on  dual  layer  insulations,  mainly  at  low 
radial  thicknesses  as  air  gaps  will  lower  the 
insulation  Corona  Ignition  Voltage  (fig.  I), 


CONSTRUCTIOtA' 


The  thickness  of  the  polyimide  topcoat  is 
close  to  23  um  or  1 mil,  20  ym  being  the  minimum 
figure,  sufficient  to  improve  ETFE  characteristics 
to  the  level  we  shall  detail. 

Such  a topcoat  may  be  applied  on  ETFE  in- 
sulations as  low  as  0.13  mm  or  6 mils  in  thick- 
ness. Of  course,  the  polyimide  topcoat  thickness 
might  be  increased  to  1.5  or  2 rails  for  Specific 
Applications . 

This  type  of  insulation  can  be  applied  on 
any  bare  or  coated  conductor,  including  tin, 
silver  and  nickel  protections  on  copper. 

In  fact,  we  shall  only  consider  here  T/H 
cables  with  tinned  copper  conductors  as  this 
construction  is  quite  consistent  with  the  rating 
of  such  cables,  which  is  theorically  restricted 
to  130“  C as  any  ETFE  based  cable. 
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GHNl-RAL  T/H  CABLE  CtURACTKRISTlCS 

When  compared  to  conventional  or  "old- 
fashion"  cables  such  as  tliose  based  on  P\'C, 
Polyolefins  or  Elastomers*  T/H  cables  introduce 
the  t remendous  impri'vements  of  those  well  - 
known  new  chemical  insulating  products,  which 
appeared  those  very  last  years,  ETFE  and 
Polyimides  beinp.  anx>ng  the  best  examples. 

The  m<.>st  important  improvements  introduced 
by  T/H  cables  concern  : 


B - Safety  and  reliability  through  all  service 
life  will  also  be  enhanced  by  T/H  cables. 

Surely,  one  of  the  main  drawbacks  of 
conventional  cables  is  their  poor  behaviour 
in  fires  or  under  overloads,  which  can  be 
characterized  by  the  following  cable 
properties  : 

. flame  behaviour 
. smoke  emission 
. circuit  integrity 
. corrosivity 


A - Weight  and  space  saving,  similar  electrical 
and  mechanical  characteristics  levels  being 
achieved  through  lower  wall  thicknesses. 

For  a bOO  Volts  rated  cable  in  Gage  JO, 
insulation  thickness  varies  approxinuitly  : 

. from  0.3  mm  min.  for  elastomers 
. to  - 0.35  ram  min.  for  plain  or  irradiated 
Polyolefins  and  PVC/PA. 

- 0.25  mm  for  plain,  irradiated  ETFE 
and  possibly  T/H. 

- 0.20  mm  for  T/H  and  fully  polyimide 
insulations,  referenced  as  K/H. 

The  difference  in  wall  thickness  leads  to 
the  weight  and  space  saving  shown  on  the 
following  graphs  (fig.  2). 


Figure  2 


and  which  are,  in  20  AWG  size,  of  : 

- 8 Z for  T/H  and  K/H  in  H mils  over 
ETFE.  and  20  Z over  PVC/PA,  for 
space  saving. 

- A Z for  T/H  over  ETFE,  and  13  Z over 
PVC/PA,  for  weight  saving. 


- Reliable  cables  have  to  be  self-extin~ 
guislti  ng  and  must  not  propagate  flame,  sc 
they  have  to  meet  FAR  35  and  UL  ^4  - VO 
requirements,  which  can  be  related  to  a 
27  minimum  1.0 1 value. 

So  it  appears  nx'St  interesting  to  compare 
l.Ol  figures  of  the  different  cable  construc- 
tions considered  and  which  appear  to  be  : 

27.5  for  a good  flame  retardant 


PVC/PA 

30 

for 

ETFF, 

50 

for 

T/H 

50 

for 

K/H 

How  1.01  values  relate  to  flame  behaviour  can 
easily  be  understood  through  the  following 
test,  in  which  we  have  submitted  to  an 
identical  flame  2 different  cables,  of  the 
same  20  AWG  size.  As  the  LOI  figure  of  the 
PVC/PA  sample  is  very  close  to  the  27  limit, 
the  burning  time  and  burnt  length,  after 
flame  remov'd  1 , are  much  higher  than  on  the 
T/H  sample  (fig.  3) . 


Figure  3 
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Smoke  eniit>sion  is  another  most  important 
characteristic,  as  heavy  fumes  appear  to  be 
a psychological  but  also  a real  danger, 
each  time  public  is  involved.  Those  questions 
are  so  very  well-known  nowadays  that  we 
believe  necessary  to  only  show  tests 
comparing  smoke  emitted  from  the  different 
cable  constructions  considered,  on  the  same 
20  AWG  size  and  under  the  identical  50  Amps 
overload. 

In  a first  test  series,  we  compare  PVC/PA 
to  ETFE,  which  is  self  explanatory  on  fig.  >4. 
Remember  that  polyolefins  would  emit  about 
the  same  smoke  volume  as  PVC/PA,  elastomers 
being  far  worse . 


Figure  4 


In  a second  test  series,  where  plain  ETFK 
is  compared  to  T/H,  this  last  cable  construc- 
tion appears  as  a significant  improvement, 
delaying  smoke  emission  and  preventing  the 
thermoplastic  ETFE  from  flowing  (fig.  5). 


This  only  characteristic  is  most  important 
as  it  shows  that,  in  bundles,  T/H  cables 
will  maintain  circuit  integrity  even  under 
large  overloads. 

A last  test  series  compares  T/H  to  K/H  or 
fully  polyimide  cables,  which  are  the  best 
known  cables  for  safety  considerations.  K/H 
shows  the  lowest  possible  smoke  emission  and 
ensures  complete  circuit  integrity,  the  whole 
insulation  being  non  thermoplastic  (fig.  6). 


Figure  6 


Corrosivity  also  must  be  considered  as  a very 
big  danger,  not  so  very  much  towards  people, 
but  mainly  towards  equipments  which  might  be 
impaired  through  corrosion  of  electrical 
contacts.  Different  test  methods  have  been 
developed,  the  better  known  being  the  Copper 
Mirror  test,  which  cannot  be  considered  as 
reflecting  exactly  what  occurs  in  fires,  the 
test  temperature  being  rather  low. 

Another  method,  more  realistic,  has  recently 
been  introduced  in  the  French  Specification 
UTE-C-20.453 . It  takes  into  account  the 
corrosivity  of  the  decomposition  gases,  which 
is  tested  through  the  change  in  resistivity 
of  a bare  copper  wire.  Plain  ETFE,  T/H  and  K/H 
cables  meet  both  test  requirements  which  is  not 
tlie  case  for  PVC  and  nk>st  flame-retardant 
polyolefins  and  elastomers. 


(-hemical  resi  stance  is  the  third  main 
improvement  introduced  by  ETFE  and  Polyimide 
based  insulations  ov'or  conventional  ones. 


Figure  5 
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ETFE  is  almost  as  good  as  PTFE  and  FEP,  while 
Polylmides  will  only  encounter  some  attack 
in  alkaline  media.  As  concerns  T/H  cables, 
they  will  show  the  same  chemical  behaviour 
as  those  ETFE  insulated,  a possible  attack  in 
alkaline  media  of  the  T/H  polyimide  topcoat 
keeps  the  cables  full  ETFE  protection. 


COMPARATIVE  T/H  CABLE  CHARACTERISTICS 

Having  briefly  shown  the  interest  of  the  newer 
and  somewhat  more  sophisticated  cable  construc- 
tion over  conventional  cables,  we  now  believe 
of  interest  to  directly  compare  to  each  other, 
on  20  AWG  sizes  the  insulations  considered, 
which  are  ; 

. plain  ETFE  to  MlL-W-22759/ 1 6 

. T/H  at  the  same  10  mil  or  0.25  mm 
wall  thickness. 

. K/H  to  MIL-W-8138I/12,  of  an  8 mil  or 
0.20  mm  wall  thickness. 


A - We  shall  start  with  a quick  comparison  of 
their  mechanical  properties  : 

- as  concerns  cut-through,  we  have  performed 
tests  at  ambient  and  at  the  rated  150®  C 
temperature,  the  results  being  shown 
fig.  7.  The  tests  have  been  performed  in 
accordance  with  AECMA*  Pr.  EN  2084 
Specification,  using  a 0.45  mm  needle. 


Figure  7 


♦ Association  Europeenne  des  Constructeurs 
de  Materiel  Aerospatial. 


No  doubt  polyimide  Insulations  are  far 
better  than  any  other  one,  in  this  respect, 
mainly  at  high  temperature,  but  you  can 
appreciate  how  the  polyimide  topcoat  on  T/H 
significantly  improves  ETFE  performance, 
being  : 

. 30  Z higher  at  20®  C 

. twice  ETFE  figure  at  150®  C 

Scrape  abrasion  resistance  appears  surely  as 
one  of  the  most  important  characteristic, 
both  during  cable  installation  and  in  service, 
when  a high  level  of  vibration  may  occur. 

To  simulate  installation  abuse,  we  have 
performed  the  test  specified  in  AECMA  Pr. 

EN  2084  Specification,  in  which  a ’ .5  kg 
load  is  applied  on  a 0.45  mm  needle  using 
the  same  equipment  as  defined  in  MIL-W-81381, 
The  number  of  strokes  to  abrade  the  insulation 
down  to  the  conductor  is  given  in  fig.  8 and 
shows  the  important  improvement  introduced 
by  T/H  over  ETFE  and  K/H,  abrasion  resistance 
being  more  than  doubled. 


Figure  8 

To  simulate  abrasion  in  service  related  to 
vibration  problems,  which  is  mainly  an 
Aeronautics  concern,  we  have  drawn  Fig.  9, 
the  curves  of  the  number  of  strokes  versus 
the  load  applied,  the  same  0.45  mm  abrading 
needle  being  used.  The  results  obtained  at 
the  lower  load  levels  appear  to  be  very 
consistent  with  vibration  test  results, 
which  showed  that  those  abrasion  curves 
must  preferably  comme  to  an  asymptote  and 
not  have  an  important  slope. 
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We  wish  to  say  that  this  most  interesting 
test  procedure  has  been  developed  by  Avions 
Marcel  Dassault  Technical  Department. 


The  higher  flexibility  corresponds  to  the 
bigger  deflection  for  a given  load  or  to  the 
lower  load  for  a given  deflection. 


Figure  9 


Figure  10 


Let  us  add  that  the  figures,  at  the  higher 
loads,  appear  of  no  real  interest  in  this 
respect,  so  hard  insulations  are  surely  not 
the  best  ones.  You  may  notice  bow  T/H 
performs  well . 


The  curves,  figure  10,  of  the  deflection  level 
versus  the  load  applied  to  the  cable  loop 
are  very  significant,  T/H  being  as  flexible 
as  ETFE. 


Notch  sensitivity  has  been  a problem  for 
some  specific  and  rather  stiff  insulations, 
which  could  be  related  to  some  stress- 
cracking sensitivity  - but  all  the  cable 
insulations  we  are  considering  here  are 
not  notch  sensitive. 


Flexibility  and  Stripping  are  handling 
characteristics  which  must  not  be  neglected. 

T/H  can  be  stripped  as  easily  as  plain  ETFE 
or  conventional  insulations. 

No  problem  for  stripping  K/H  cables  if  the 
right  blades  are  used. 

Flexibility  is  not  so  very  easy  to  represent, 
but  we  have  developed  a procedure  which  we 
believe  to  give  a very  good  picture  of  the 
comparative  flexibilities  of  cables  of  a same 
gage. 

A cable  loop  of  a given  and  constant  diameter 
is  squeezed  by  a load,  and  the  loop  deflection 
measured . 


We  now  come  to  electrical  properties,  which 
are  quite  good,  even  excellent,  for  any  of 
those  3 cable  types. 

- Insulation  resistance  curves  versus 

temperature  are  shown,  Figure  M,  just  as 
an  information,  as  this  characteristic  does 
not  appear  to  be  a real  problem  in  use, 
even  with  PVC/PA  cables. 
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- Circuit  integrity  under  overloads  has 

become,  those  last  months,  a main  require- 
ment for  many  customers  of  the  Aircraft, 
Rapid  Transit  and  other  Industrial  areas. 


Figure  12 


As  can  be  seen  fig.  12,  under  even 
large  overloads,  the  polyimide  topcoat  on 
T/H  cables  prevents  the  thermoplastic  F.TFE 
from  flowing  off  the  conductor,  which 
prevents  shorts  from  occuring  in  bundles. 

Of  course,  K/H  cables  are  the  best  ones  as 
concerns  circuit  integrity. 


C - Now  the  true  life  of  a cable  in  service  is 

very  much  dependent  on  its  thermal  properties. 

All  those  new  cable  insulations,  which  are 
ETFE  or  Polyimide  based,  whithstand  much 
lower  cold  bend  temperatures  than  PVC  cables, 
tests  performed  at  - 65®  C leading,  for  such 
insulations,  to  no  cracks  on  good  quality 
cables . 

If  PVC  and  PVC/PA  cables  are  rated  105®  C as 
a maximum,  Polyimide  or  K/H  cables  will  have 
a 150®  C to  200®  C rating  temperature 
according  to  the  nature  of  the  conductor  used, 
while  150®  C is  the  rating  temperature 
normally  referred  to  for  any  ETFE  cable.  But 
you  must  remember  that  FTFE  was  first 
introduced  as  a 180®  C rated  insulation,  this 
temperature  being  then  lowered  to  150®  C 
because  of  ETFE  degradation  through  oxydation. 

It  is  most  interesting  to  sec  how  the 
polyimide  topcoat  on  T/H  cables  improves  ETFE 
thermal  life,  as  appears  clearly  on  the  curves, 
figure  13, giving  the  true  thermal  life  of  the 
3 cable  insulations  considered. 


tlFE  CURVES 


COURSES  OE  OUREE  DC  VIE 


Figure  13 


This  polyimide  topcoat  really  acts  as  a 
barrier  between  ETFL  and  air,  lowering 
significantly  ETFE  degradation. 

Those  comparative  life  curves  were  obtained 
through  aging  tests  performed  at  oven  tem- 
peratures ranging  from  175®  C to  250®  C,  on 
wire  samples  wrapped  in  pigtails.  The 
requirements  on  the  aged  samples  were  : 

. no  insulation  or  lacquer  cracking 
. insulation  resistance  maintained 
. no  breakdown  at  2.5  kV. 

We  wish  to  add  that  insulations  crosslinked 
through  irradiation  will  never  have  better 
thermal  lifes  than  the  relevant  plain 
insulations,  even  if  at  high  temperatures 
they  appear  much  improved.  For  instance,  the 
slope  of  the  life  curve  of  an  irradiated 
ETFE  will  bo  completely  different  from  the 
ones  shown  Figure  12,  leading,  maybe,  to 
a 150®  C temperature  rating. 

This  only  example  explains  why  short  term 
aging  tests  are  insufficient  to  predict  the 
true  life  of  a cable  some  long  term  aging 
tests  having  absolutely  to  be  performed. 


n - This  polyimide  topcoat  on  T/H  cables  also 
explains  why  they  show  a real  improved 
radiation  resistance,  ETFE  degradation 
occuring  partly  through  oxydation  on  conven- 
tional ETFE  cables.  So  T/H  cables  pass  the 
LOCA  test  but  mt^re  testing  has  to  be  run  to 
study  the  real  maximum  radiation  dosage  such 
cables  may  withstand.  It  might  be  interesting 
to  point  out  that,  when  submitted  to  a few 
Mrads,  polyimides  will  no  more  be  attacked 
by  alkalis,  so  T/H  cables  will  normally  keep 
their  topcoat  during  l.OCA. 
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E - What  is  often  considered  as  a drawback  for 
polyimides  is  related  to  their  natural 
amber  colour,  which  cannot  lead  to  a white 
finish.  This  applies  to  T/H  and  K/H  cables, 
which  anyhow  can  be  produced  in  suffi- 
ciently light  colours  to  make  their  iden- 
tification easily  legible.  Also,  if  a white 
finish  is  a need,  a white  coating  can  be 
applied,  introducing  no  real  modification 
in  the  cable  characteristics. 


CONCLUSION 


T/H  cables  appear  to  be  one  of  the  best 
compromise  on  price  and  characteristics  for 
Aeronautics,  Electronics,  Rapid  Transit, 
Nuclear  Plants  and  surely  other  Industrial 
applications . 

Normally  applied  in  thicknesses  ranging 
from  6 to  15  mils,  those  ETFE/polyimide  in- 
sulations show  : 

. possible  weight  and  space  saving 

. good  mechanical  properties 

. enhanced  electrical  and  thermal 
performance  over  other  ETFE  based 
insulations . 

. interesting  radiation  resistance 

. easy  handling. 

As  concerns  safety,  just  remember  that 
such  cables  : 

. meet  FAA  and  UL  most  stringent  flame 
requirements . 

. maintain  circuit  integrity. 
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WIRE  INSULATION  DESIGNED  FOR  TELECOMMUNICATIONS  EQUIPMENT 


A.F.  Faber 


PHILADELPHIA  INSULATED  WIRE  COMPANY  INC. 
MOORESTOWN,  N.J.  08057 


OBJECTIVES 


SUMMARY 

The  challenge  is  to  produce  a 30  gauge 
wire  with  a 5 mil  wall  of  insulation  having  in 
combination  many  excellent  electrical  and 
mechanical  properties  for  use  in  "backplane" 
wiring  and  telecommunications. 

Obviously,  an  innovative  approach  to 
design  and  manufacture  is  required. 

This  presentation  describes  a new 
construction  using  resin  formulations  in  liquid 
form  applied  to  the  conductor  in  multiple  coats, 
die  wiped  and  oven  cured  to  solid  form. 

The  liquid  resin  approach  makes  possible 
the  consideration  of  much  chemistry  new  to  the 
insulation  on  wire.  It  is  expected  that  this 
concept  will  be  an  on-going  program  of  new 
products . 


INTRODUCTION 

As  wire  insulation  engineers,  did  you  ever 
consider  an  approach  other  than  stuffing  solid 
resin  out  of  little  holes?  Do  you  realize  that 
the  extruder  places  its  own  requirements  on  the 
material  before  the  insulation  requirements  can 
be  considered? 

The  following  will  describe  the  use  of 
resins  in  liquid  form  to  achieve  an  insulation 
with  a unique  combination  of  physical  and 
electrical  properties. 

In  the  period  following  1965y  major  design 
changes  were  made  described  by  the  magic  word 
"miniaturization".  In  the  electronic  industry 
this  meant  a change  in  wire  size  from  26  gauge 
to  30  gauge.  Today,  30  gauge  wire  for  backplane 
application  is  not  new,  but  the  schools  of 
thought  on  properties  required  are  diverse. 


The  initial  application  of  the  liquid  ap- 
proach is  addressed  to  this  particular  product 
with  the  challenge  to  meet  the  following  require- 
ments. 

1.  The  product  must  be  capable  of 
termination  by  automatic  machinery. 

2.  Cut-thru  resistance  to  sharp  edges  of 
posts  is  a prime  requirement  to  prevent 
wiring  faults  in  service. 

3.  To  allow  density  of  wiring,  insulation 
must  not  be  stiff. 

4.  Dielectric  constant  should  not  exceed 
3.4  (preferably  lower)  at  all 
frequencies.  Humidity  should  not 
seriously  increase  the  dielectric 
constant. 

5.  Insulation  should  be  capable  of  soldering 
with  no  shrink-back  or  flare. 

6.  The  insulation  must  be  self-extinguishing 
to  flame  by  usual  testing,  but  more 
recently  should  exceed  28%  oxygen  index. 

7.  Economics,  while  pricing  is  very 
competitive,  recognition  is  given  to 
quality  by  customers. 

The  above  considerations  are  probably  the 
most  important.  Others  will  be  noted. 

PRODUCTS  DEVELOPED 

The  first  product  brought  to  a commercial 
reality  is  a 3 layer  composite  insulation. 

Against  the  conductor  is  a 2 mil  wall  of  flexible 
urethane.  Over  this  is  served  a 1 mil  wall  of 
polyester  fibers.  The  final  topcoat  is  a 
methacrylate  resin  cross-linked  with  a polyvinyl 
chloride.  The  total  final  wall  is  4.5  mil  held 
to  better  than  70%  concentricity. 
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The  liquid  resins  are  applied  as  multiple 
coats,  die  wiped,  and  oven  cured.  The  manu- 
facturing techniques  are  related  to  those  used  in 
the  magnet  wire  industry  with  modifications 
appropriate  to  the  difference  in  materials  used. 

Two  very  important  attributes  of  magnet  wire 
manufacturing  are  the  close  dimensional  tolerances 
(taken  for  granted)  and  very  economical 
application  of  manpower,  energy  and  overhead  costs. 
"Insulated'*  wire  and  "magnet"  wire  are  two 
different  worlds.  Very  few  engineers  and  managers 
have  the  opportunity  to  appreciate  the  accomplish- 
ments of  the  "other"  industry. 

With  magnet  wire,  for  example,  dimensional 
tolerances  of  finished  diameter  which  must  include 
wire  drawing  variations  as  well  as  insulation  are 
held  within  0.0003  inch  total.  The  3 layer 
composite  construction  will  hold  plus  or  minus 
0.001  inch  regularly.  A one-material  insulation 
can  hold  within  0.0005  inch  total  variation. 

Important  differences  of  this  operation 
compared  with  magnet  wire  will  be  mentioned. 

Magnet  wire  enamels  are  usually  formulated  with  a 
solid  content  below  451),  while  the  methacrylate 
is  above  801>,  and  will  probably  become  1001>.  Since 
the  cost  of  any  diluent  or  solvent  is  a direct 
loss  up  the  exhaust  stack  and  an  air  pollution 
liability,  the  advantage  of  high  solids  is 
obvious . 

.Normal  insulation  thickness  of  magnet 
wire  is  in  the  range  of  0.0005  wall  to  0.001  wall 
compared  with  this  "insulated"  product  at  0.0045 
nominal  wall. 

Insulated  wire  must  be  strippable  but  this 
is  not  permitted  as  magnet  wire. 

Electrical  pin-holes  are  permitted  on  magnet 
wire  but  constitute  a "fault"  for  "insulation"  and 
must  be  removed. 

MATERIALS  SYSTEM  NO.  1 USING  URETHANE 

The  urethane  has  excellent  wet  electricals 
and  is  tough  but  flexible.  The  oxygen  index  is 
low,  by  itself  the  urethane  would  not  be 
acceptable. 

The  served  polyester  fibers  help  to  achieve 
a high  cut-thru,  but  without  adding  stiffness.  The 
mechanics  may  be  likened  to  a fi lament -wound 
cylinder. 

The  unique  (and  proprietary)  formulation 
oT  methacrylate  compound  contributes  to  all 
properties.  The  oxygen  index  of  this  material 
alone  exceeds  $2%  and  helps  to  achieve  24-1/2%  for 
this  composite  using  urethane.  The  methacrylate 
used  as  a single  component  insulation  has  good 
properties  and  could  be  marketed  at  a very 
competitive  price. 

Table  No.  1 is  given  to  show  typical  values 
of  electrical  and  physical  properties. 


MATERIALS  SYSTEMS  .NO.  2 

The  objective  of  this  development  program 
was  to  achieve  an  insulation  with  oxygen  index 
exceeding  29%.  Since  t?sts  of  wire  samples  with 
only  methacrylate  gave  an  index  exceeding  32%,  it 
was  obvious  that  the  urethane  and  the  polyester 
fibers  had  low  values  of  oxygen  index  which  were 
not  acceptable.  Many  attempts  to  improve  the 
urethane  using  flame  retardents  produced  no 
improvement,  or  at  best  very  little.  A reduction 
of  wall  thickness  of  urethane  with  attendant 
increase  of  methacrylate  managed  to  achieve  26%. 
The  use  of  polyester  fibers  reduced  the  index  of 
the  100%  methacrylate  from  32%  to  29%  which  still 
exceeds  the  28%  objective.  Fortunately,  a re- 
formulation of  the  methacrylate  made  it  possible 
to  maintain  the  1400  gram  cut-thru  requirement, 
with  a margin  of  safety. 

The  testing  for  oxygen  index  as  described  in 
ASTM-2863  was  followed  except  that  all  30  gauge 
wire  samples  were  used  including  the  conductor. 

The  results  are  not  the  same  as  testing  for 
insulation  materials  alone. 

Cut-thru  testing  follows  procedure  specified 
in  MVv'-81822  specification.  This  author  has 
determined  from  experience  that  the  radius  of  the 
test  blade  must  be  ground  using  a high  quality 
jig  boring  machine  to  "generate"  the  precise  form 
(in  the  manner  of  cutting  gear  teeth).  An  optical 
comparator  or  shadowgraph  is  not  satisfactory. 

The  load  is  applied  gently  by  pouring  lead  shot 
into  container  precisely  located  to  the  blade. 

By  following  the  above  procedure,  consistent 
results  and  evaluation  can  be  obtained. 

Obtaining  a value  for  dielectric  constant 
followed  the  ASTM  D-3033  test  procedure  using 
a mercury  filled  steel  U-tube  apparatus.  Table 
II  is  given  to  show  measured  values  of  capacitance 
and  other  measurements  used  to  calculate  the 
constant  K.  Details  of  testing  30  gauge  wire 
samples  of  other  materials  is  also  given. 

CONCLUSION 

It  appears  that  the  combination  of  all 
properties  desired  to  meet  the  needs  of  backplane 
wiring  are  mutually  exclusive  for  any  one  material 
and  that  a composite  must  be  used.  Many  wire 
insulations  are  designed  using  several  components 
which  make  their  individual  and  unique 
contribution  to  the  final  product.  A composite 
with  a total  wall  of  0,005  inch  dictates  the 
liquid  approach. 

Rut  further,  it  is  hoped  that  this  develop- 
ment is  only  the  beginning.  The  liquid  approach 
makes  possible  the  consideration  of  other 
chemistry  not  yet  tried  as  wire  insulation. 
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TABLE  NO.  1 


PROPERTIES  5 PERFORMANCE  DATA 

CONSTRUCTION:  Urethane  and  Polyester  Fibers  and  Methacrylate 


PRODUCT  DETAILS: 

Catalog  No. 
Conductor 

Conductor  Size 
Finished  O.D. 


ELECTRICAL  PROPERTIES: 

Insulation  Dielectric 
Constant 

Insulation  Power 
Factor,  1 KC 
Insulation  Surface 
Resistivity 
Dielectric  Strength 

(after  1 hr.  water  soak) 
Insulation  Resistance 

(500  V DC  for  1 minute  after  1 
hr.  water  soak) 

Insulation  Heat 

Resistance  (after  48  hrs. 
at  950C) 

Insulation  Cold  Bend 

(after  4 hrs.  at  -54°C) 


PHYSICAL  PROPERTIES: 

Temperature  Rating 
Insulation  Tensile 
Strength 

Insulation  Elongation 
Insulation  Stripping 

Force  (1-5/8"  lengths) 
Insulation  Cut-Thru  (90° 
chisel,  .003"  radius) 
Flammability 
Oxygen  Index 

Insulation  Cold  Flow  (90° 
chisel,  .003"  radius) 
Resistance  to  Soldering 
Insulation  Fungus 
Resistance 


F-180 

Silver-plated  soft  OFHC 
copper 
30  gauge 
.0195" 


3.4  max. 

. 05  max . 

100  megohms  min. 

Hold  2 KV  1 minute, 

breakdown  over  5.0  K\' 
500  megohms  min./M  ft. 


No  shrink  back  of  insulation. 
Wrap  on  .060"  diam. 
mandrel,  then  water  soak  1 
hr.,  hold  2 KV  1 minute. 

Wrap  on  1"  diam.  mandrel, 
then  water  soak  1 hr.,  hold  2 
KV  1 minute. 


105°C. 

10,000  psi  min. 

35%  min. 

.5  lb.  min./2.5  lb.  max. 

Hold  1400  gm.s.  1 hr.,  then 
500  V.  AC  for  1 minute. 
Self-extinguishing,  10  sec. 
24-1/2% 

Hold  '000  gms.  9b  hrs.,  then 
500  V.  AC  for  1 minute. 
1/64"  max.  shrink  back 
Fungus  Resistant 


F-120 

Tinned  soft  OFHC  copper 

30  gauge 
.0340" 


3.4  max. 

.05  max. 

100  megohms  min. 

Holds  2 KV  1 minute, 

breakdovm  over  5.0  KV 
500  megohms  min./M  ft. 


No  shrink  back  of  insulation. 
Wrap  on  .105"  diam. 
mandrel,  then  water  soak  1 
hr.,  hold  2 KV  1 minute. 

Wrap  on  1"  diam.  mandrel , 
then  water  soak  1 hr. , hold  2 
KV  1 minute. 


105°C. 

10.000  psi  min. 

50%  min. 

1.0  lb.  min./4.0  lb.  max. 

Hold  2250  gms.  for  1 hr.,  then 
500  V.  AC  for  1 minute. 
Self-extinguishing,  10  sec. 
24-1/2% 

Hold  1750  gms.  96  hrs.  then 
500  V.  AC  for  1 minute. 

1/64"  max.  shrink  back 
Fungus  Resistant 
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TABLE  NO.  11 


SlIM>tARV  OF  COMrARATIVT  PROPERTIES 


DIELECTRIC  CONSTANT  OF  50  AWG  INSULATED  WIRE 


( 

d 

L 

Outside 

Conductor 

Cv 

K 

al 

inches 

Diameter 

Diameter 

in  Pf 

t'  * 

D2 

D1 

I .*•!£ 

inches 

inches 

ETFE 

TEthylene  - "s 

CTetraf luoroetbyjenej 

-Rough 

.304 . 9 

.0095 

87.5 

.0184 

.0100 

202.76 

2.79 

-Smooth 

458.2 

.0087 

87.5 

.0200 

.0100 

178.37 

2.57 

Polyester  Tape  

623.2 

.0298 

87.5 

.0205 

.0100 

172.24 

3.62 

Methacrylate 

Cross-linked  with 

Polyvinyl  Chloride  

541.2 

.0190 

87.5 

.0207 

.0100 

169.94 

3.18 

PVF2 

Polyvinylidene 

Fluoride 

1563.9 

.2226 

87.5 

.0197 

.0102 

187.85 

8.35 

Notes : 


1.  Capacitance  measured  with  HP-4217  P IMHz  digital  LCR  meter 

(SID  3302632L51)  using  Mercury  U-tube  electrode  system  per  ASTM  D 3032 

.6137L  C i’Equations  used  ^ 

2.  Cv  = log  D2  K = Cv  Jfrom  ASTM  D-ISOJ 

D1 

5.  d is  the  dissination  factor. 

4.  The  Oxygen  Index  was  measured  using  5 mils  of  insulation  on  a 
30  gauge  wire  sample. 


Oxygen 

Cut-Thru 

index 

MW  81822 

ASTM  2863 

Load-Grams 

ETFE 

Ethylene  - 

Tetraf luoroethylene 

--Rough 

27% 

800 

--Smooth 

27% 

800 

Polyester  Tape 

Methacrylate 

Cross-linked  with 

26% 

1400 

Polyvinyl  Chloride 

PVF2 

29% 

1400 

Polyvinylidene 

Fluoride 

(44%) 

850 

Note;  Table  No.  II  refers  to  Methacrylate  Systems  No.  2 
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Summary 


Kulti-pair  telephone  cables  for  vertical 
installation  are  necessary  in  high-rise 
buildings  with  large  numbers  of  telephone 
subscribers.  Requirements  for  such  cables 
differ  from  those  for  underground  or  aerial 
cables.  This  paper  describes  the  develop- 
ment of  the  self-supporting  type  vertical 
cable  with  anti-slippage  dam.  and  its  method 
of  installation. 


Introduction 

It  has  been  ten  years  since  the  first 
high-rise  building  was  constructed  in  Japan. 

In  196^.  the  31-nieter  building  hight  re- 
striction, was  altered  to  a restiction  of  a 
building's  volum.e  in  relation  to  its  area. 

And  in  lSi67 , the  19  5-meter  36- floor 
Kasumigaseki  Building  was  constructed.  After 
that,  many  buildings  of  more  than  lOOmeters 
in  height  were  constructed  in  the  Tokyo 
and  Osaka  areas. 

These  high-rise  buildings  are  offices  or 
hotels  and  accomodate  more  than  10.000  people. 
Compared  with  small  buildings,  the  number  of 
telephones  installed  is  large,  and  several 
malti-pair  subscriber  cables  to  the  telephone 
office  are  thus  necessary. 

Utilities  such  as  air  conditioning,  power 
supply,  and  telephone  equipment  are  installed 
jointly  for  some  floors. Vertical  multi-pair 
subscriber  cables  are  required  to  link  the 
telephone  equipment  with  underground  cables 
to  the  telephone  office. 

In  the  early  days,  conventional  Stalpeth 
sheathed  cables  were  installed  as  vertical 
cables.  Through  the  installation  of  Stalpeth 
sheathed  cable,  requirements  for  the  vertical 
cables  were  discovered  and  the  new  vertical 
multi-pair  subscriber  cable  was  developed  and 
has  been  put  into  use. 

Vertical  Installation  of  Stalpeth  Cable 

When  vei’tical  multi-pair  cables  were 
required,  it  was  settled  that  the  laying 
method  was  to  be  developed  for  conventional 
cable  instead  of  the  new  vertical  cable 
development.  The  laying  method  for  Stalpeth 
sheathed  cable  was  prac  tically  establ ished  in 
two  installations. 

Installation  in  the  Kasumigaseki  Building^ 

Basic  investigation  for  vertical  laying 


was  carrieu  on  before  t.ie  installation  in  the 
first  high-rise  building,  the  Kasum.igaseki 
Building,  Tokyo.  In  November  of  1967,  four 
pieces  of  0.9mm  l.OOOpairs,  paper  insulated, 
star  quaded.  unit  type,  and  Stalpeth  sheathed 
telephone  cable  were  laid  vertically. 

Cable  Laviiy  i>.ethod  The  cable  diagram  of  the 
building  is  showr.  in  Fig.  1.  Two  cables 
were  installed  between  the  3rd  basement  and 
the  36th  floor  and  two  others  between  the  3rd 
basement  and  the  13th  floor.  Since  cable 
could  only  be  brought  into  the  1st  basement, 
laying  was  complicated. 

The  first  two  cables  were  pulled  up  to  tiit 
36th  floor  by  winch,  with  wire  attached  to  the 
pulling  eye  at  the  running  end  of  the  cable. 
For  the  laying  of  the  horizontal  length  at 
the  36th  floor,  net  type  cable  grips  were 
attached  at  intervals  of  29meters  and  then, 
the  cable  grip  wires  were  jointed  to  a delta- 
shaped coupler,  and  pulled  up  with  the  coupler 
about  27meters  more. 
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Fig.  1 Cable  diagram  of  the  Kasumigaseki 
Building 
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Details  are  shown  in  Fig.  2.  The  delta-shaped 
coupler  was  used  due  to  the  fact  that,  when 
the  cable  is  pulled  up  to  the  horizontal  with 
the  pulling  eye,  the  cable  is  damages  at  the 
curved  point  and  also,  the  holding  force  of 
net  type  cable  grip  is  not  enough  to  hold  the 
cable  at  a single  point.  Where  it  curves  to 
the  horizontal,  a curved  roller  with  many 
rollers  lined  in  a 90degree  circular  arc  iron 
is  used.  After  the  vertical  length  between 
the  1st  basement  and  the  36th  floor  was 
secured  with  cable  clamps,  the  remained  cable 
length  was  unwounded  from  the  cable  drum,  and 
then  laid  hand  to  hand. 

The  other  two  cables  were  pulled  up  to 
whole  vertical  length,  because  they  are  shorter 
than  the  length  of  vertical  shaft  to  the  36th 
floor,  and  then  hung  down  as  far  as  reach  the 
running  top  of  the  cable  to  3rd  basement  NUIF. 
Then  the  vertical  length  between  the  3rd 
basement  and  the  13th  floor  was  secured.  The 
horizontal  length  at  the  13th  floor  was  laid 
hand  to  hand . 

When  laying  cables  in  high-rise  buildings, 
how  to  lay  the  horizontal  length  of  cables 
for  the  highest  floor,  the  lowest  floor,  and 
intermediate  floor  is  a problem. 


Cable  Cia;..p  The  cable  clamp,  shown  in  Fig.  3, 
was  used  for  setting  the  cable  to  the  cable 
rack.  The  cable  was  clamped  at  one  point  on 
each  floor.  When  the  bolt  is  screwed  to  at- 
tach this  clamp  to  the  cable,  the  cable 
sheath  is  in  danger  of  rippling,  so  that  clamp 
can  not  stop  the  slip  between  the  sheath  and 
cable  core,  but  only  grips  the  cable  sheath. 

Slip  between  Sheath  and  Cable  Core  The  cable 
sheath  and  the  cable  core  are  joined  by  shrink- 
ing of  the  sheath  and  various  deformations 
from  the  perfect  circle  along  the  cable 
length.  The  force  of  the  joint  is  determined 
by  the  draw-out  force,  meaning  the  maximum 
draw-out  force  of  the  cable  core  from  the 
sheath  along  the  cable  axis.  This  value, 
however,  is  not  applied  directly  to  the 
vertically  laid  cable  for  a long  time.  When 
the  cable  is  vibrated,  slippage  occurs 
between  the  core  and  the  sheath,  even  if  it 
does  not  occured  when  the  cable  is  held 
vertically  for  a short  time.  Also  in  the 
case  of  a cable  that  had  been  held  verti- 
cally outdoors  for  20months  as  shown  in  Fig. 9, 
the  slippage  was  40rrari  for  straightly  laid 
cable  and  19mm  for  inverted  L shaped  cable. 

This  shows  that  the  drow-out  value  does 
not  apply  directly  to  the  design,  though  the 
outdoor  experiment  has  severe  temperature 
changes  compared  with  the  indoor. 

In  accordance  with  the  results  of  the 
experiment,  a slip-stoppage  dam  was  installed 
in  the  cable  after  laying,  where  the  cable 
sheath  was  partially  cut  off  and  epoxy  resin 
was  poured  into  it.  The  cable  to  the  36th 
floor  has  two  dams  and  the  cable  to  the  13th 
floor  has  one. 


Fig.  2 


Laying  of  horizontal  cable 


Fig.  3 Clamp  for  vertical  cable 


Fig.  4 The  experiment  for  vertical  laying 

Installation  in  the  World  Trade  Center 

In  October  197C,  eight  pieces  of  0.1*mm 
l.OOOpairs,  paper  insulated,  star  quadded, 
unit  type,  and  Stalpeth  sheathed  telephone 
cable  were  installed  in  the  2nd  high-rise 
building,  the  World  Trade  Center  Building 
(Hamamatsu-cho,  Tokyo).  Due  to  the  experi- 
ence of  installation  in  the  Kasumigaseki 
Building,  several  new  tools  were  introduced. 

Cable  Laving  Method  The  cable  diagram  of 
the  building  is  shown  in  Fig.  5-  Two  cables 
were  installed  between  the  3rd  basement  and 
the  40th  floor  and  the  five  others  were 
between  the  3rd  basement  and  the  13th  floor. 
The  cable  could  be  brought  into  only  the  2nd 
basement. 

For  the  pulling  of  cable  to  the  40th  floor, 
a wire  consisting  of  23meters  long  wires  with 
a swivel  at  one  end  connected  to  one  con- 
tinuous length,  was  used.  Newly  developed 
plastic  cable  grips  were  attached  to  the 
cable  at  23meter  interval  instead  of  the  net 
type  cable  grips  that  take  a great  deal  of 
time  to  attach.  Then  the  grips  were  connect- 
ed to  the  wire  coupler.  The  operations  were 
repeated  as  the  cable  was  being  pulled  up. 
Details  are  shown  in  Fig.  6.  Also,  three 
triargluarly  distributed  pulleys  were  used  to 
make  the  swivel  turn  around  the  pulleys  at 
the  top  (Fig.  7),  as  large  pulley  for  cable 
guide  at  curve  in  place  of  curved  roller, 
which  is  too  heavy  to  handle,  and  so  on. 


For  the  horizontal  length  at  the  3rd  base- 
ment which  was  relatively  long,  cable  was 
pulled  up  until  the  running  top  of  cable  was 
uncoiled  from  the  drum,  and  then  it  was  hung 
down  to  the  3rd  basement. 

Two  different  methods  were  adopted  for 
cable  laying  to  the  13th  floor.  Two  shorter 
horizontal  lengths  at  the  basement  were  pull- 
ed up  over  the  13th  floor  with  a pulling 
eye,  and  then  hung  down  to  the  3rd  basement. 
The  cable  was  clamped  and  the  horizontal 
length  at  the  13th  floor  was  laid  hand  to 
hand.  The  other  three  lengths  were  too  long 
to  pull  up  into  the  shaft,  because  the 
horizontal  length  at  the  basement  was  long. 
The  cables  were  brought  into  the  13th  floor 
and  hung  down  to  the  basement.  A drum  shaped 
cable  laying  wheel  equipped  with  a brake  was 
used 
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Fig.  5 Cable  diagram  of  World  Trade  Center 
Reouirements  for  Vertical  Cables 

It  was  found  from  experience  with  the 
laying  of  conventional  Stalpeth  sheathed 
cable  that  the  following  charactaristics  are 
required  for  vertical  cables  in  the  building. 

(1)  Cable  strength  must  be  sufficient  for 
vertical  installation  of  300meters  in  height. 

(2)  Cable  construction  must  be  suitable 
for  vertical  clamping. 

(3)  The  draw-out  force  of  cable  core  from 
sheath  must  be  sufficient  for  vertical  instal- 
lation. 

(4)  Good  flexibility. 

(5)  Cable  must  have  ability  to  be  laid  in 
75mm  diameter  pipe. 

(6)  Cable  must  be  electrostatically 
screened . 

(7)  Cable  sheath  must  be  flame  resistant. 

(8)  Electrical  characteristics  must  be 
equivalent  to  those  of  the  conventional 
Stalpeth  sheathed  cable. 

As  for  (1),  the  maximum  building  height  may 
be  250meters  regarding  cost  and  facility  in 
Japan.  Maximum  vertical  length  of  cable  may 
be  300meters  in  regarding  allowance. 


As  for  (2),  it  is  required  that  the  torque  of 
the  bolt  has  to  be  rigidly  controled  for 
Stalpeth  sheathed  cable  and  also  the  problem 
of  the  short  interval  of  the  clamp  metal  for 
its  unsatisfactory  clamping  force.  As  for 
(3).  it  is  necessary  that  the  cable  com- 
ponents are  secures  tightly  enough  against 
each  other  to  ensure  that  slippage  does  not 
occure.  As  for  (4),  the  cable  shaft  of  a 
building  is  usualy  narrow  making  and  bending. 
As  for  (5).  shaft  may  be  connected  to  pipes. 
As  for  (6) , power  cables  are  laid  in  the 
same  shaft. 


Fig.  6 Cable  laying 


Fig.  7 Three  pulleys 


Figure  8 Anti-slippage  dam 
Development  of  Vertical  Cable 

Cable  construction  was  investigated  and 
developed  to  meet  the  above  requirements. 

Necessity  for  Tension  Member 

Due  to  the  strength  of  the  copper  wire,  a 
tension  member  is  needed  for  vertical  cables. 
The  types  of  tension  members  investigated 
are  as  follows!  (1)  Figure-eight  type, 

(2)  Center  type,  (3)  Wire  armour  type.  Each 
type  of  cable  was  designed  and  calculated  in 
terms  of  the  cable  diameter,  weight,  and 
dimensions  of  cable  drum,  for  foamed 
polyethylene  or  solid  polyethylene  insulation, 
aluminum  screened  and  PVC  sheathed  cables. 
Conductor  diameter  is  fixed  to  0.4mm,  the 
smaller  diameter  for  ea^’ terminating.  The 
results  are  shown  in  Table  1. 

Let  us  discuss  the  relation  between  the 
strength  of  copper  conductors  and  the  cable 
tension  during  the  laying  and  after  secur- 
ing. During  cable  laying,  the  cable  is 
hung  with  a pulling  eye.  The  permitted 
tension  for  the  pulling  eye  is  880kgs  in 
case  of  1 , OOOpairs’,  0 .2?t  deformation  strength 
of  copper  conductor  is  7kgs/sq.mm  and  the 
conductor  holding  rate  of  the  pulling  eye  is 
50^.  The  cable  weight  of  l.OOOpairs  without 
messenger  wire  is  980kgs/300meters . 

Therefore,  a cable  of  300meters  length  can 
not  be  hung  with  a pulling  eye.  For  long 
term  tension,  creepage  of  material,  es- 
pecially copper  must  be  considered.  Creep 
tests  on  copper  shows  that  load  for  0.1^ 
deformation  in  SOyears  is  2 . 3kgs/sq .mm . 
Therefore,  the  permitted  weight  for  1,000 
pairs  cable  is  578kgs  and  is  equal  to  cable 
weight  of  178meters  and  cable  core  weight 
of  213meters. 

Therefore,  it  is  required  that  the  cable 
itself  have  a tension  member  or,  that 
during  the  laying,  a tension  member  is 
layed  parallel  to  the  cable  and  cleimped  at 
various  points. 

Clampjru;  Method 

There  are  2 methods  for  securing  the 
cable  in  the  shaft.  Single  point  fixing 
at  the  top  and  several  point  fixing  along 
the  vertical  shaft.  In  case  o single 
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fixing,  a cable  holding  device  is  needed  in 
the  building  and  application  of  this  method 
has  limitations.  Also,  flexible  cable  such 
as  telephone  cable  follows  the  building's 
sway  and  do  not  need  single  point  fixing. 

Thus  the  several  point  fixing  method  is 
adopted.  When  the  cable  is  fixed,  it  is 
squeezed.  Robust  construction,  stronger 
than  Stalpeth  sheathed  cable,  is  necessary 
for  clamp  compression.  But  we  were  unable  to 
develop  the  cable  construction  with  a good 
anti-compression  sheath  and  good  flexibility. 
Therefore,  the  cable  construction  with  the 
fixing  member  is  necessary. 

Other  Requirements  in  Cable  Laving 

There  are  some  other  requirements  for 
cables  in  cable  laying.  'The  cable  drum  may 
be  brought  into  the  basement,  where  the 
motor  pool  is  located.  The  entrance  to  the 
basement  must  have  slope  of  minimum  2.3nieters 
in  height  and  the  flange  diameter  of  the  drum 
less  than  2.0meters  is  desired.  From  the 
experience  with  cable  laying,  it  was  found 
that  the  winch  must  be  secured  at  the  top, 
because  the  wire  rope  is  only  hung  down  for 
the  cable  pulling-up  and  not  entangled.  But 
in  such  case,  the  winch  may  be  small  and  less 
powerful.  And  cable  weight  less  than  2tons 
is  desirable. 

According  to  Table  1,  the  wire  armoured 
type  is  too  heavy.  The  center  type  has  a 
clamping  problem.  So  the  figure-eight 
self-supporting  type  cable  having  l.OOOpairs 
may  be  must  suitable. 

Slippage  between  Cable  Coir.ponents 

The  draw-out  force  of  the  cable  core 
from  sheath  for  conventional  cable  is 
obtained  as  shown  in  Table  2.  Draw-out 
force  is  different  for  different  cable 
types,  depending  on  insulation  material, 
number  of  pairs,  and  sheath.  Results  show 
that  a non-screened  sheath  over  the  cable 
core  is  good,  because  of  its  tightly  fitting 
sheath  to  the  cable  core,  but  vertical  cables 
require  the  screen.  Considering  this,  vari- 
ous type  of  laminated  aluminum  sheathed 
cables  were  trial  manufactured  and  tested 
for  draw-out  force  and  flexibility.  The 
types  of  cables  tested  are  shown  in  Table  3- 
Tests  for  draw-out  force  are  made  on  lengths 
of  50cms  and  at  tensile  speed  of  100mm  per 
minute.  Bending  moment  of  the  cable  is  the 
product  of  force  from  bending  the  cable 
along  the  disk  and  cable  length.  Results 
are  shown  in  Table  4.  It  is  obvious  from 
Table  4 th^t  slippage  occures  between  the 
outer  unit  and  core  wrapping,.  Also,  the 
bending  moment  and  draw-out  force  are  so 
closely  related  that  cable  construction  with 
high  draw-out  force  and  good  flexibility  can 
not  be  developed.  In  addition,  it  is  found 
that  the  aluminum  FVC  laminated  sheath  is 
fragile  at  low  temperature.  Cables  are 
usually  laid  in  buildings  under  construction 
and  require  the  same  temperature  character- 
istic as  outdoor  cables.  Therefore,  the 
aluminum  FVC  laminated  sheathed  cable  is 
unsuitable  for  use  as  vertical  cable. 

Finally  aluminum  screened  PVC  sheath  is 
adopted  due  to  the  test  result  and  for  slip, 
an  anti-slippage  dam  is  made  in  the  cable  at 
intervals. 

Anti-slippage  Dam 

Anti-slippage  dam  is  installed  for  the 


purpose  of  stopping:  the  slippage  of  com- 
ponents. On  the  other  hand,  flexibility  of 
cable  at  the  dam  become  worco . Therefore, 
it  is  desirable  that  the  number  of  dam  is  as 
few  as  possible. 

The  dam  requires  sufficient  strength  to  hold 
the  cable  core  weight.  In  the  case  of 
otalpeth  sheathed  cable,  the  dam  was  install- 
ed after  cable  laying.  A lead  sleeve  was  set 
to  the  cable  and  epoxy  resin  was  poured  in 
it.  The  lead  sleeve  was  squeezed  and  secured 
to  the  cable  rack.  Therefore,  the  cable  core 
weight  is  held  at  the  dam.  For  the  vertical 
cable,  the  cable  core  is  attached  to  the 
messenger  wire,  and  the  core  weight  is  held 
by  messenger  wire  that  is  secured  to  cable 
rack  by  clamping  metals.  Therefore,  the  core 
weight  is  held  by  several  points  and  the  dam 
is  not  a special  point  in  cable  clamping. 

Epoxy  resin  mixed  with  polyethylene  powder 
is  used  to  attach  the  core  to  the  messenger 
wire.  Perforated  reinforce  rings  are  buried 
in  the  resin  at  both  sides  of  dam.,  because 
the  resin  is  weak  for  tensile  force. 

The  vertical  cable  dam  is  pre- fabricated 
in  the  factory.  In  such  case,  the  dam.  is 
coiled  on  the  cable  drum,  and  laid  through  a 
curve-riched  shaft,  ai.d  requires  flexibility. 
The  dam  is  wrapped  with  self-adhesive  rubber 
tapes  and  covered  with  a heat-shrinkable  tube. 
It  has  good  flexibility  because  the  rubber 
tape  is  well-deform.ed . The  dam  construction 
is  shown  in  Fig.  8. 

Test  results  for  the  dam  are  shown  in 
Table  5-  The  dam  is  made  at  intervals  of 
maximum  SOmeters  along  the  vertical  length  of 
the  cable.  Long  term,  loading  tests  show  the 
satisfactory  strength  for  such  cable  length. 

Table  5 Test  Result  of  D.am 


Iteit 


Result 


Tensile  test 


lOOOkgs 


Tensile  test 
after  heat- 
cvcling 


lOOOkgs 

(-60»C  - -20°C  lOcycles) 


Long  term 
1 oading  test 


Good 

If  lOOkgs  for  20months^ 


Bending  test 


Good 

(ICd*  radius  at  -10°C) 


90°  curved  pipe 
run  through  test 


Good 
(at  -10°C) 


Twisting  test 


Good 

(720degree  for  2meters  sample) 


di  cable  diameter 


Sheath 

We  studied  flame  resistance  and  creepage 
of  the  sheath  material. 


Flame  resistance  General  characteristics, 
flammability,  smoke  generation  properties, 
type  of  gas,  and  ignition  point  were  in- 
vestigated on  sheath  m.aterials  such  as  PVC 
general  purpose,  PVC  hard  grade,  flame- 
retardart  PE  non-burning  grade,  atid  self- 
extinguishing grade.  The  general  character- 
istics are  shown  in  Table  6.  Flammability 
and  smoke  density  are  tested  in  accordance 
with  ASTM  D635  and  D266J,  The  results  are 
shown  in  Table  7.  The  smoke  density  is  PVO 
flame-retarded  PE>FE.  Polyethylene  burrs 
perfectly  with  low  smoke.  Ignition  point  is 
tested  by  heating  plate  method.  The  results 
are  shown  in  Table  8.  Analysis  of  generated 
gas  was  carried  on  with  gas  detector. 
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Table  1 Cable  Construction  Having  Tension  Member 


Tension 

member 

Number  of 
pairs 

Insulation 

material 

Cable 

diameter 

(mm) 

Cable 

hight 

(mm) 

Cable 
we  ight 
(kgs/300m) 

Flange  diameter 
of  cable  drum 

1,000 

PEP 

43.5 

980 

1600 

Witliout 

PE 

50,5  . 

- 

ToPo 

TSoo 

messenger 

1.600 

PEP 

_ 

1660 

2000 

PE 

64. 5 

- 

1^20 

2200 

j 2 , ^00 

PEI 

62.5 

_ 

2160 

2200 

PE 

73.0 

- 

2360 

2400 

' 1,000 

PEF 

43.5 

56.5  . 

1060 

1800 

PE 

50.5 

t 1.5 

1150 

2000 

eight 

1,800 

PEF 

5 

70.5 

1780 

2200 

type 

PE 

79.5 

1940 

2400 

2.400 

PEF 

t-2.5 

28-5 

2 300 

2400 

PE 

7^.0 

55.^ 

PM 

2600 

1,000 

PEF 

55.': 

looo 

-1950 

PE 

cl . 5 

2120 

2200 

W ire 

1,800 

PEF 

2810 

2400 

PE 

r\o 

3390  . 

2600 

r 

2,400 

PEF 

75.0 

- ■ 

3690 

2600 

L 

PE 

85.5 

‘ ~ — 

41 30 

2^0 

PE: 

PEP: 


solid  polyethylene 
foamed  polyethylene 


Table  2 Draw-out  Force  of  Conventional  Cables 


Cable 

Cable  weight 
( kgs/m ) 

Draw-out , Draw-out/cable  weight 
force  ' force 

(kgs/m)  ' 

Conductor 

Insulation 

Sheath 

0 . 32mm 

3600pairs 

PEF 

Stalpeth 

12.2 

15.5 

1.27 

0.4 

1020 

Paper 

Stalpeth 

3.5 

21.5 

6.15 

0.4 

2400 

Paper 

Stalpeth 

7.8 

23.  3 

3.00 

0.5 

1800 

Paper 

Stalpeth 

8.9 

34.0 

3.80 

0.65 

1000 

Paper 

Stalpeth 

8.4 

22.3 

2.66 

0.4 

100 

PE 

PE 

0.37 

77.0 

208 

0.4 

200 

PE 

PE 

0.69 

77.5 

1 112 

0.9 

30 

PE 

PE 

0.52 

144 

! 277 

( 

0.4 

100 

PE 

Alpeth 

0.51 

10.7 

1 21.0 

0.4 

200 

PE 

Alpeth 

0.81 

22.0 

1 27.2 

_l 

Table  3 Trial  Manufacutred  Cable 


O.hmm  lOOOpairs  polyethylene  insulated  cable 


Cable  No. 

1 

r"  - " ’ ^ 

1 Wrapping  1 
[ over  unit  ! 

Wrapping 
over  cable  core 

Inner 

sheath 

1 Plastic  coating  j 
j on  aluminum  i 

1 Messenger 
! wire 

1 1 

! 

I Non 

Helix  of  rubber 

PE 

On  side 

2 

Non 

Helix  of  cotton 

PE 

1 On  side 

3 

Non  ’ 

Helix  of  PE 

PE 

! Both  side 

4 

Non  1 

Helix  of  rubber  * 

pi; 

Both  side  ] 

7/2. 6mm 

5 

Non 

Helix  of  rubber 

Non 

One  side 

6 

Non 

Helix  of  PE 

Non 

Both  side 

7 

Non  j 

Helix  of  PE 

.Non 

Both  side 

i 

8 

PE 

Helix  of  PE 

PE 

Both  side 

9 

Non 

Helix  of  cotton 

Non 

One  side 

10 

Non 

Helix  of  rubber  * 

Non 

One  side 

1 - 

1 

•:  Friction  riched  rubber 
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Table  4 Draw-out  Force  and  Bending  Moment 


Cable  No. 

Draw-out  force 

Bend  ing 
moment 

Outer  unit 
-Core  wrapping 

Core  wrapping 
-Sheath 

Inner 

-Outer  sheath 

1 

IdOkgS/'  50cm 

152kgs/  50cm 

199'tgs/50cm 

7.0kgs-m 

2 

150 

152 

150 

8.2 

3 

190 

Rupture 

Rupture 

7.9 

4 

350 

442 

Rupture 

9.2 

5 

215 

260 

- 

5.2 

6 

53 

Rupture 

- 

5.9 

7 

53 

Rupture 

- 

4.6 

8 

Rupture 

Rupture 

Rupture 

10.7 

9 

119 

102 

4.4 

10 

122 

347 

- 

6.1 

Table  6 General  Characteristics  of  Sheath 


PE 


Test  Item 

General 

Hard 

grade 

, Spec , 1 General 
! value  . purpose 

Tensile 

test 

IOC'?  2 

modulus  (kg/cm^) 

1.1 

, 1.5 

Min . 
1.5  1 

[ 

- 

- 

Teslle  2 

strength  (kg/ cm'^ ) 

2.0 

2.2 

Kin. 

2.0 

1.8 

1-5 

1.6 

Elongation 

IfO  I 

t 340 

650 

555 

585 

Tensile  * 

test 

after 

ageing ! 

i Tensile 
strength  (/=) 

95 

105 

1 Min. 

70 

107 

92 

96 

Elongation  I 

! h)  ; 

90 

' 95  ! 

Min. 

60 

101 

90 

95 

1 

Density 

1.28 

1.42 

- 

0.93 

1.24 

1.08 

Melt  Index 

1 

. i 

1 

- 

0.20 

0.82 

0.28 

Cold  bend 

(“C) 

-30 

Max. 
i -15 

-60 

-35 

-60 

Table  7 Flammability  Test  and  Amount  of  Smoke 


Material 

FI  ammabil  itv 

Smoke  density 

, D-6 35-68 

1 

L 

Cxgen  Index 

1 

Li^ht  ’ 

transmittance  ( "') 

' Atsorbance  of 
. li£:ht  (M-1 ) 

PVC,  general  purpose 

PVC,  hard  grade 

PE,  general  purpose 

PE,  non-burning 

PE,  self-extinguishing 

r Non- 
1 turning 

Non- 

turning 

Burning 

Non- 

burning 

Self- 

: extinguish. 

25.0 

1 i 

19.0 

26.5 

i 26.0 

28 

1 20 

99 

■ 73 

87 

1 

1.11 

1.40 

0.008 

0.27 

0.12 

Table  8 Ignition  Point 


Material 

Ignition  point  (°C) 

PE 

PVC 

general  purpose 
non-burning 

300-350 

400  (Smoke 
500  (Smoke 

320-350) 

320-350) 

The  results  are  shown  in  Table  9- 
PVC  is  used  for  vertical  cable 


After  all. 


Creecage  The  cable  is  clamped  at  messenger 
with  PVC  sheath.  The  sheath  over  the  messen- 
ger is  compressed  with  clamp  metals.  Also, 
the  sheath  over  the  cable  core  supports  the 
■weight.  Therefore,  the  PVC  used  for  the 
vertical  cable  requires  the  high  tensile 
strength  and  high  creep-resistance  as  shown 
in  Table  6. 


Detail  Construction  of  Vertical  Cable 
Vertical  cable  satisfying  the  above 
requirements  is  the  constructed  as  shown  in 
Table  10  and  Fig.  9. 
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Table  9 Composition  of  Generated  Gas 


W 


1 PVC  1 

1 . . PE 

Gas 

General 

Hard 

General 

Flame-retarded  PE 

purpose 

grade 

purpose 

Noii-1  urning 

Self-ext  iru- hishiru' 

CO 

C .2 

0.2 

0.2 

0.2 

0.2 

CO 

2.45 

>3.0 

2.8 

2.8 

>3.0 

Clj 

0.001 

0.0001 

0 

0.0008 

0 

HCl 

10.8 

20.2 

0.09 

0.18 

0.12 

CO.CI2 

0 

0 

0 

0 

0 

NOj 

0.0002 

0.0001 

0 

0.0008 

0 

H^S 

0.001 

0 

0 

0 

0 

SO2  1 

0.0014 

0.06 

0 

0.0025 

0 

CS 

1 

0 

- 

0.001 

0 

0.0005 

Table  10  Construction  of  Vertical  Cable 


Item 

Detail 

Conductor 

0.4mm  annealed  copper 

Insulation 

High  density  PEF 

Twisting 

Star  ouad 

Stranding 

Unit  type 

Screen 

Corrugated  aluminum  tape 

Sheath 

PVC 

Demens  ion 

No.  of  pairs 

Cverall 
j lam? . er 

r-.r 

400 

31 

43 

iVe 

600 

36 

48 

2.2 

800 

41 

54 

3.0 

1000 

46 

59 

3.6 

i:co 

J I'C 

r -i. 

4.1 

Cal  le 

laying  Method 

Vertical  Lavir.r 

The  cable  laying  metint's  that  have  been 
adopted  are  roughly  classified  to  the 
following  three  types. 

Fullinr-up  bv  winch  and  Pulley  The  cable 
is  pulled  up  by  a winch,  that  is  set  on  the 
ground  or  in  the  basement,  with  a pulley 
at  the  top.  This  method  was  adopted  for 
a POOmeter  high-rise  building. 

Draw-up  machine  for  vertical  cable  The 
cable  IS  pulled  up  with  the  wire  rope  draw- 
up  machine  for  vertical  cables.  The 
equipment  is  to  be  set  at  the  top,  so  that 
preparation  is  easy  and  wire  removal  is  not 
necessary.  The  wire  rope  draw-up  machine  is 
suitable  for  narrow  shafts. 

e drawing  machine  for  vertical  laving^ 
e belt  type  cable  drawing  machine Is 
set  up  at  intervals.  The  cable  is  sent  up 
by  '.he  two  rotating  belts  of  the  machine. 

It  is  useful  for  laying  several  pieces  of 
cable  with  long  horizontal  length  in  the 
same  shaft. 

Horizontal  Laving 

"or  horizontal  cable  laying  the  upper 
horizontal  length  is  laid  at  first  and 
then  the  lower  horizontal  length  follows. 


Usually,  the  messenger  wire  was  cut  off  from 
the  cable  at  the  top  floor.  The  wire  was 
pulled  up  still  more  and  only  the  cable  was 
sent  to  the  horizontal  rack.  There  was  an 
exception  when  using  the  cable  drawing 
machine.  For  removal  of  messenger,  good 
flexibility  is  obtained  and  the  cable  becomes 
suitable  for  the  bent-riched  horizontal  rack. 
In  this  case,  the  top  of  the  messenger  is 
secured  to  the  rack  with  messenger  grip. 
Recently,  a standard  cable  laying  method  has 
been  established.  The  method  is  as  follows; 
the  cable  is  pulled  up  by  divided  wires 
which  was  used  in  Stalpeth  sheathed  cable 
laying.  Another  hang  wire  at  the  top  is 
added  for  cable  hanging  when  the  winch  wire 
returns  to  the  one  under  the  divided  wire  for 
horizontal  laying  in  place  of  three  pulleyes. 
The  messenger  wire  is  not  cut  off  in  this 
method . 

Clampirtf;  Petals 

For  the  securing  of  vertical  lengths,  the 
clamping  metals  shown  in  Fig.  9 are  used. 

The  holding  force  of  clamping  metals  over  the 
messenger  with  PVC  sh?ath  i?  about  POOkgs. 

The  holding  interval  is  maximum  lOmeters. 
Holding  force  drops  when  the  flooding  com- 
pound is  coated  over  the  messenger. 


Splicing  and  Termination 

The  vertical  cable  is  connected  to  the 
underground  cable  or  terminated  at  terminal 
blocks.  An  auxiliary  lead  sleeve  is  used  for 
splicing  and  gas  stoppage  for  underground 
cables  is  effected  by  pouring  in  resin.  In 
case  of  termination,  the  each  insulated 
conductor  is  threaded  into  the  PVC  pipe  for 
protection.  It  is  necessary  to  develop 
tough  strength  insulation  for  termination. 

Conclusion 

Through  our  many  experiments  and  experi- 
ences, cable  construction  suitable  for  verti- 
cal installation  was  developed.  It  has  been 
six  years  since  our  first  cable  laying  of 
vertical  cable.  During  these  years,  some 
improvements  have  been  made.  About  80  pieces 
of  cable  already  have  been  laid  and  are  in 
service . 
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GEO-TELEPHONY: 

THE  INSTALLATION  OF  SUBSURFACE  TRANSMISSION  MEDIA 


Fred  A.  Huszarlk 


Transmission  Media  Development,  Bell-Northern  Research 
SUMMARY 


The  Increasing  requirement  for  cheaper,  faster 
and  more  reliable  communications  has  resulted  in 
some  outstanding  technological  advancements  in 
the  design  of  communication  transmission  systems. 
The  most  recent  evidence  of  these  advancements 
is  the  evolution  and  installation  of  the  first 
fiber  optic  transmission  systems.  While  the 
design  of  electronics  and  major  components  such 
as  cable  is  continually  being  up-dated,  one 
cannot  help  but  wonder  about  progress  at  the 
opposite  end  of  the  communications  heirarchy, 
the  outside  plant  installation  methods.  This 
author's  contention  is  that  although  the  industry 
is  generally  well  advanced  in  terms  of  trans- 
mission systems  design,  it  is  not  providing 
communications  companies  with  a total  system 
package  which  Includes  innovative  Installation 
methods. 

This  paper  analyses  this  hypothesis  by  identi- 
fying the  source  of  the  problem,  reviewing  the 
state-of-the-art  in  cable  installation  methods 
ana  proposing  some  possible  improvements. 

THE  PROBLEM 

By  examining  the  evolution  of  below-ground  cable 
Installation  methods  one  finds  that,  except  for 
the  development  of  the  cable  plow,  relatively 
little  has  changed  since  the  Installation  of  the 
first  communication  cables.  During  the  same  time 
communications  electronics,  cables  and  apparatus 
have  evolved  at  an  Impressive  rate,  with  the 
result  that  the  construction  and  maintenance  of 
below-ground  cable  systems  may  now  very  well  be 
the  weakest  link  in  the  overall  transmission 
system.  The  importance  of  below-ground  construct- 
ion methods  must  not  be  underestimated.  In 
North  America  billions  of  dollars  are  spent  by 
telephone  companies  every  year  on  the  instal- 
lation of  below-ground  systems.  In  some  parts 
of  the  continent  as  many  as  90  percent  of  all 
new  Installations  are  below-ground  or  'out-of- 
sight'. Even  more  significant  is  the  fact  that 
over  the  last  three  years  cable  installation  costs 
have  on  the  average  doubled.  Every  indication 
is  that  this  trend  will  continue. 

Two  fundamental  requirements  must  be  met  before 
cable  Installation  methods  can  be  up-dated  and 
made  more  cost  effective.  First,  the  responsi- 
bility for  solving  the  problem  must  be  established. 


Traditionally  the  telephone  companies  and  their 
contractors  have  provided  the  necessary  instal- 
lation methodology  and  tools.  This  approach 
usually  has  been  adequate  as  long  as  cable  and 
the  supporting  apparatus  were  relatively  simple 
in  design  and  could  be  easily  handled  in  the 
rugged  construction  environment  without  fear  of 
damage.  But  with  the  development  of  more  complex 
cables  and  outside  plant  apparatus  the  performance 
of  which  is  increasingly  more  sensitive  to  the 
physical  environment,  the  pressure  appears  to  be 
more  and  more  on  the  cable  and  apparatus  manu- 
facturers to  provide  a total  system  package 
including  safe  and  cost-effective  installation 
practices. 

Secondly,  a much  more  comprehensive  and  factural 
data  base  describing  the  forces  acting  on  cables 
during  and  after  the  installation  must  be 
acquired.  Surprisingly  little  is  known  about 
the  forces  imposed  on  cables  during  normal 
construction  operations  such  as  plowing,  trench- 
ing or  pulling.  Even  less  is  known  about  long 
term  forces  such  as  soil  and  rock  abrasion, 
ground  pressure  and  frost  action.  Without  this 
information  one  cannot  realistically  evaluate 
how  good  or  bad  a particular  installation  method 
is  in  terms  of  assuring  the  life  of  the  cable. 
Furthermore,  without  an  accurate  character- 
ization of  the  short  and  long  term  environment 
surrounding  the  cable,  it  is  difficult  to 
optimize  the  design  of  the  cable  to  meet  these 
conditions. 

In  order  to  better  appreciate  the  shortcomings 
cf  present  below-ground  cable  installation 
methods  and  tools  two  factors  stand  out  from 
the  rest:  the  geology  and  geography  associated 
with  every  Installation. 

GEOLOGICAL  AND  GEOGRAPHICAL  FACTORS  AFFECTING 

BELOW-GROUND  CABLE  INSTALLATION  METHODS 

Since  the  utlliza..ion  of  different  cable  instal- 
lation techniques  is  highly  dependant  on  the 
surflcial  geology  along  proposed  routes,  it  is 
worthwhile  to  briefly  consider  the  North 
American  geclogy  and  its  Impact  on  cable  instal- 
lation methods. 

As  Illustrated  in  Figure  1,  more  than  half  of 
the  populated  areas  of  the  continent  are  covered 
by  what  would  normally  be  considered  to  be 
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FIGURi:  I 


I— I MODI  RAT I.I.V  POOR 


SOIITMPRN  I.  IMIT  01-  PPRMAPROST 


CABl,n  BURYING  CONDITIONS  IN  NORIII  AMI  RICA 
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'poor'  or  'moderately  poor'  burying  conditions. 
Poor  conditions  typically  exist  in  the  shield 
areas  where  hard  rocks  such  as  granite,  gneiss, 
basalt,  etc.,  predominate  at  or  near  the  ground 
surface.  In  these  areas  blasting  and  trenching 
is  usually  the  only  feasible  method  for  instal- 
ling any  form  of  below-ground  cable  distribution 
system.  Depending  on  installation  depth,  rock 
hardness,  accessability  to  the  proposed  route  and 
contractor  availability,  cable  installation  costs 
can  be  as  high  as  $20.00  per  foot.  Productivity 
is  generally  very  low  and  maintenance  costs  tend 
to  be  high  due  to  the  rugged  environment  imposed 
on  the  cable. 

Extending  from  the  edges  of  the  'poor*  burial 
areas  are  conditions  which  are  slightly  more 
conducive  to  below-ground  cable  installations  due 
to  the  presence  of  more  soil  overburden.  These 
'moderately  poor'  locations  are  typified  by  a 
predominance  of  soft  rocks  such  as  limestone, 
shale,  sandstone,  and  bouldery  soil  with 
occasional  long  stretches  of  deep  clear  soil  over- 
lying  the  bedrock.  Under  these  conditions  almost 
all  of  the  conventional  cable  installation 
methods  such  as  blasting,  soil  trenching,  plowing 
and  small  diameter  tunnelling  are  applicable. 

From  an  engineering  point  of  view  these  areas 
present  a major  challenge  due  to  the  almost 
infinite  variability  of  burying  conditions  along 
a major  route.  Soils  Investigations  and  proper 
route  selection  are  crucial  to  the  economic 
success  of  installations  at  these  locations. 

In  the  central  and  southeastern  parts  of  the 
continent  deep  boulder-free  soils  present  few 
problems  to  the  Installation  contractor  or 
telephone  company.  Bedrock  outcrops  are  the 
exception,  consequently  good  soil  conditions  allow 
for  the  rapid  and  relatively  inexpensive  instal- 
lation of  cable  by  plowing.  In  these  areas  the 
only  impediments  to  plowing  are  the  urban  centers 
and  suburbs,  where  obstacles  such  as  roads, 
driveways  and  a concentration  of  buried  utilities 
have  a significant  effect  on  plowing  productivity. 

Aside  from  the  geological  considerations  the 
geographic  location,  with  respect  to  population 
densities,  can  impose  many  restrictions  on  the 
ultimate  choice  of  installation  method.  The 
factors  affecting  this  choice  are  discussed  below 
in  terms  of  urban,  suburban  and  rural  instal- 
lations. 

URBAN  INSTALLATIONS 

in  many  North  American  cities  and  towns  regulat- 
ory bodies  are  insisting  that  ill  utilities 
Install  their  outside  plant  'out-of-slght * . It 
seems  inevitable  that  this  requirement  will 
become  even  more  common  In  the  near  future.  Along 
with  the  'out-of-slght'  restriction  come  the 
logistics  problems  and  extremely  high  costs 
associated  with  excavating  ground  in  an  urban 
environment . 

In  most  large  urban  centers  existing  congestion 
under  city  streets  and  the  problem  of  accurately 


locating  existing  plant  make  the  installation  of 
new  systems  extremely  difficult  using  convent- 
ional open  cut  and  cover  techniques.  In  addition, 
traffic  disruptions,  limited  work  space  for 
heavy  machinery  and  stringent  safety  restrictions 
on  activities  such  as  blasting  can  result  in 
monumentous  logistics  problems.  In  order  to 
alleviate  some  of  these  basic  problems  at  least 
two  solutions  appear  practical.  First,  the 
continued  development  of  reliable  high  capacity 
transmission  systems  will  allow  for  mere 
efficient  use  of  the  available  underground  space. 
Second,  deeper  Installations  will  allow  for  the 
physical  expansion  of  existing  distribution 
systems.  The  latter  approach  implies,  of  course, 
the  development  of  utility  tunnels  or  "utilidors". 
Suffice  it  to  say  that  many  reports  and  papers 
have  been  published  on  the  pros  and  cons  of 
utility  tunnels.  It  should  be  pointed  out  how- 
ever, that  from  a construction  point  of  view,  new 
developments  in  the  area  of  underground  tunnel- 
ling are  making  this  concept  a more  viable 
economic  alternative.  For  example,  recent 
tests  have  shown  that  high  pressure  water  jets 
assisting  a conventional  roller  cutter,  rotary 
tunneller  can  double  the  cutting  rate  of  that 
machine.  Although  still  in  its  embryonic  stages, 
research  in  the  area  of  small  diameter  rock 
melting  tunnelers  has  met  with  some  success. 
Technological  advances  such  as  these  can  have 
a major  impact  on  reducing  tunnel  construction 
costs  in  the  future.  In  addition  to  these 
'exotic'  tools,  improvements  in  cutter  designs, 
metallurgy  and  automation  of  more  conventional 
boring  machines  are  constantly  reducing  the  costs 
and  increasing  the  speed  at  which  small  diameter 
tunnels  can  be  constructed.  It  is  quite  conceiv- 
able that  in  the  near  future  the  requirement  for 
surface  construction  in  major  urban  centers  will 
be  superceded  by  'out-of-sight ' tunnelling  thirty 
or  more  feet  below  the  surface, 

SUBURBAN  INSTALLATIONS 

As  in  urban  centers,  the  policy  of  'out-of-sight' 
distribution  systems  is  becoming  more  and  more 
prevalent  in  suburban  and  small  town  locations. 
The  choice  of  installation  method  is,  however, 
more  diversified  than  in  urban  locations.  This 
is  due  primarily  to  the  relatively  uncongested 
below-ground  conditions  in  the  suburbs  and  the 
ability  to  install  systems  before  streets  and 
buildings  are  constructed. 

In  those  cases  where  existing  streets  or  side- 
walks must  be  cut,  the  conventional  trenching 
technique  is  normally  used.  One  exception  to 
this  occurs  at  major  road  crossings  where  boring 
or  tunnelling  often  becomes  a more  desirable 
alternative  for  two  major  reasons.  First,  the 
tunnelling  operation  results  in  minimal  disturb- 
ance to  the  steady  flow  of  traffic  and  therefore 
enhances  both  public  relations  and  the  safety 
of  the  workmen.  Second,  the  problem  of  pavement 
removal  Jind  replacement  is  eliminated.  Pavement 
replacement  is  often  a major  problem  in  terms 
of  achieving  adequate  compaction  in  the  trench 
to  avoid  seasonal  pavement  repair  costs.  In 
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good  soil  conditions  such  as  loose  fill  or  sand, 
horizontal  earth  augers  provide  an  efficient  and 
economically  attractive  technique  for  crossing 
roads,  sidewalks  and  driveways.  In  rocky  locat- 
ions horizontal  rock  boring  machines  can  drill 
an  11  inch  diameter  hole  at  20  feet  per  hour, 
or  a 60  inch  diameter  hole  at  an  average  speed 
of  one  foot  per  hour  in  solid  limestone.  Hiese 
machines  drill  harder  rocks  at  slower  speeds, 
while  maintaining  good  accuracy  at  distances  up 
to  500  feet.  Research  is  presently  underway  to 
Increase  the  effective  drilling  distances  and 
accuracy  of  these  small  diameter  rock  borlns 
machines. 

In  suburban  locations  where  the  ground  can  be 
easily  penetrated  and  cables  are  to  be  burled 
rather  than  placed  in  ducts,  the  cable  plow  is 
by  far  the  most  efficient  tool  that  can  be  used. 

As  well  as  being  the  least  damaging  to  the  terrain, 
plowing  is  by  far  the  least  expensive  and  fastest 
cable  installation  method.  The  major  deterrent 
to  plowing  in  a suburban  environment  Is  the 
frequency  with  which  one  encounters  obstacles  such 
as  driveways,  fences,  existing  utilities  and  so 
on.  In  such  problem  locations  consideration  must 
be  given  to  the  use  of  continuous  trenching 
machines. 

Although  many  urban  and  suburban  centers  are 
located  in  areas  with  a reasonable  amount  of  soil 
cover,  bedrock  or  boulder  concentrations  are 
sometimes  encountered.  This  situation  can  create 
severe  problems,  especially  in  a populated  envir- 
onment. Normal  blasting  techniques  often  cannot 
be  applied  due  to  stringent  safety  regulations. 

Even  if  blasting  is  allowed,  restrictions  on  the 
size  of  explosive  charge  make  this  excavation 
method  extremely  time  and  money  consuming.  In 
suburban  locations  the  alternatives  to  blasting 
include  the  use  of  pneumatic  rock  hammers,  'Hoe- 
rams*,  rock  splitters  and  rock  saws.  Although 
all  these  devices  are  effective  to  varying 
degrees,  none  is  particularly  efficient  and  all 
are  very  costly  to  operate. 

RURAL  INSTALLATIONS 

A large  percentage  of  below-ground  installations 
occur  in  rural  or  relatively  unpopulated  areas. 

Even  though  the  option  to  place  systems  above 
ground  exists,  it  is  often  cheaper  to  bury.  This 
is  particularly  true  in  areas  where  there  is 
sufficient  soil  cover  to  permit  plowing. 

Plowing  is  the  cheapest,  fastest  and  most 
environmentally  acceptable  method  of  installing 
cable  presently  available.  Cable  plows  can  bury 
everything  from  small  diameter  drop  wire  to  three 
inch  diameter  cable,  up  to  six  feet  below  the 
surface.  Also  plows  which  can  bury  up  to  four 
or  five  cables  at  a time  are  available.  These 
machines  can  install  cable  at  rates  up  to 
approximately  one  mile/hour  with  little  disturb- 
ance to  che  ground  surface  and  consequently 
minimal  clean-up  costs.  Even  more  attractive  is 
the  fact  that  cables  can  be  installed  for 
considerably  less  than  one  dollar  per  foot.  Plow- 
ing is,  however,  very  sensitive  to  ground 


conditions  and  is  therefore  restricted  to  locat- 
ions where  good,  obstacle  free  soil  cover  exists. 

As  mentioned  previously  less  than  half  of  the 
North  American  continent  consists  of  what  is 
normally  referred  to  as  good  plowable  terrain. 

The  rest  is  a mixture  of  boulders,  bouldery  till 
and  bedrock  which  normally  must  be  trenched. 
Bouldery  areas  or  generally  poor  soil  conditions 
can  often  create  more  problems  than  bedrock.  Wet 
soils  or  heavy  boulder  concentrations  can  be 
extremely  difficult  to  excavate.  When  they  are 
excavated  it  is  often  difficult  to  maintain  a 
good  trench  profile.  Furthermore,  considerable 
care  must  be  taken  in  placing  as  well  as  back- 
filling cables  or  structures  to  prevent  damage 
to  the  installed  plant.  The  type  of  trenching 
equipment  used  is  frequently  determined  by  the 
soil  type.  Loose  materials  with  stone  sizes  less 
than  two  or  three  inches  can  be  excavated  with 
continuous  wheel  or  chain  trenchers.  Soils 
containing  larger  stone  sizes  or  heavily  compact- 
ed materials  usually  require  back-hoe  type 
excavators.  Associated  with  trenching  is  the 
requirement  for  wide  rights-of-way  and  a consider- 
able clean-up  budget. 

In  some  poor  soil  conditions  an  alternative  to 
trenching  that  is  becoming  more  popular  is  the 
concept  of  plowing  a protective  continuous  duct 
prior  to  pulling  the  cable.  Although  more 
expensive  than  direct  burial,  this  method  is 
usually  less  costly  and  faster  than  trenching. 
Initially  a rock  ripper  is  used  to  create  a slot 
and  remove  obstacles  such  as  large  boulders  and 
tree  roots  along  the  proposed  route.  Once  this 
has  been  accomplished  a cable  plow  installs  a 
continuous  section  of  flexible  polyethylene  duct. 
The  duct  provides  the  mechanical  protection 
which  is  usually  supplied  by  sand  padding  around 
a trenched  cable.  After  the  duct  has  been 
installed  and  proven,  the  cable  is  pulled  into 
the  duct.  This  technique  has  been  used  success- 
fully on  projects  where  direct  burial  by  plowing 
was  not  feasible  due  to  poor  soil  conditions  and 
where  the  more  costly  trenching  method  would 
normally  have  been  used. 

The  problem  of  installing  outside  plant  in  rural 
locations  where  bedrock  exists  at  or  near  the 
surface  is  somewhat  less  acute  since  blasting  is 
usually  an  acceptable  excavation  method  and  the 
aerial  placing  option  is  available.  Pole  line 
Installations  are  definitely  less  expensive  than 
blasting  a continuous  trench.  However,  for  a 
variety  of  reasons  the  amount  of  rock  trenching 
presently  being  performed  is  significant  and 
will  probably  Increase  in  the  future. 

At  the  present  time  rock  trenching  on  a continuous 
basis  is  limited  to  essentially  three  methods: 
breakage  and  excavation  by  machine;  rock  cutting 
with  continuous  saws;  and,  blasting  and  excavat- 
ing. Wliere  soft,  weathered  rocks  such  as  shale, 
weak  limestone  and  sandstone  exist  it  is  often 
feasible  to  break  and  excavate  the  material  with 
a backhoe.  Alternatively,  rock  rippers  can  be 
used  to  break  the  material  which  can  then  be 
excavated  by  backhoe.  Cutting  with  clruclar  rock 


65 


saws  is  becoming  a common  method  of  trenching 
in  rock.  However,  there  are  some  drawbacks  with 
these  saws.  First,  the>  are  normally  limited 
to  a 36  inch  depth  of  cut.  Second,  they  have 
limitations  in  the  type  of  rock  that  they  can  be 
cut  effectively.  Third,  on  long  excavations  the 
tooth  replacement  and  general  maintenance  cost 
can  be  extremely  high.  Despite  these  limita- 
tions, the  rock  saw  can  be  a useful  tool  for 
sections  up  to  100  feet  in  length.  The  third 
trenching  method,  blasting  and  excavating,  is  the 
one  used  most  frequently  for  major  rural  instal- 
lations in  rock.  Blasting  is,  of  course,  noisy, 
dirty,  somewhat  harzardous  and  expensive;  but 
in  hard  rocks  it  is  often  the  only  alternative. 

FUTURE  CABLE  INSTALLATION  METHODS 

Based  on  the  present  approach  to  installing  cables 
in  the  different  geographic  locations  discussed 
above  it  becomes  apparent  that  better  methods  and 
tools  are  required  to  handle  moderately  poor  to 
very  poor  soil  conditions.  For  these  areas  at 
least  two  technologies  have  the  potential  to 
impact  on  the  construction  methods  used  for  future 
cable  installations:  high  pressure  water  jetting 
and  rock  melting  using  the  ' subterrenc ' . 

High  Pressure  Water  Jetting 

Since  the  mid-1950’s  waterjets  have  been 
effective  tools  for  cutting  rock.  Laboratory 
tests  have  shown  that  water  passing  through 
small  diamter  (0.1  inch)  nozzles  at  pressures  of 
50,000  to  100,000  psi.  can  easily  cut  into  the 
hardest  rock.  However,  pimping  equipment  that 
is  capable  of  reliably  maintaining  the  high 
pressures  required  for  continuous  cutting  has 
only  recently  become  available.  During  the 
past  four  years,  a large  number  of  waterjet  cut- 
ting systems  have  been  placed  in  industries  for 
cutting  a wide  range  of  nuiterial.  These  machines 
have  proved  to  be  reliable  and  economically 
beneficial. 

There  are  many  ways  in  which  waterjets  can  be 
used  for  cutting  rock,  and,  among  them,  two 
stand  out  as  the  most  effective.  In  the  first 
method,  the  waterjet  is  used  to  assist  or  augment 
<%  mechanical  system.  This  is  done  by  making 
narrow  slots,  from  1/10  to  1 inch  deep,  in  the 
rock  with  the  waterjet.  The  slots  weaken  the 
r<u  k and  significantly  reduce  the  mechanical 
* 'r«en  required  of  the  cutters  to  remove  the  rock 
••rween  the  slots.  This  method  has  been 
1 .«>ssfullv  used  in  waterjet -assisted  drilling 
« ' * >nnel  boring  projects. 

••  • method  of  cutting  rock  with  waterjets 
. irfide.  deep  slot  in  the  rock  by 
. . ' «» ins  nr  oscillating  nozzle,  which 

r In  this  way,  the  slot  depth 

• «>  the  meclianical  design  of  the 

r s uiting  ability  of  the 

requires  more  energy  to 
— ' ' . • tfan  the  mechanically 

• r,>.i,ir<"s  no  mechanical  loads. 

• ^-'frieC  devices  for 


utility  construction  applications  include  little 
noise  and  environmental  pollution,  safety  in 
populated  areas  and  increased  productivity.  In 
addition,  since  water  is  the  cutting  medium,  no 
mechanical  cutters  need  replacing  thereby  elimina- 
ting a major  operational  expense  currently 
encountered  with  mechanical  rock  cutters. 

Although  s**!!!  in  the  preliminary  stages  of 
development,  it  is  expected  that  this  type  of 
equipment  will  impact  on  utility  construction  as 
early  as  1978. 

The  Rock  Melting  Subterrene 

The  Subterrene  is  a device  which  has  the  capa- 
bility to  melt  small  diameter  holes  in  most 
rocks  and  some  types  of  soil.  In  general  rock 
and  soil  are  composed  of  minerals  which  have  a 
melting  point  about  1450  K (2150®F).  Refractory 
metals,  such  as  molybdenum  and  tungsten,  have 
a higher  melting  point  and  are  used  for  the 
penetrator  body  material.  An  electrical  resist- 
ance heater  operates  the  tip  at  1800  K (2800®F). 
The  melted  rock  is  formed  into  a glass  lining 
to  seal  and  support  the  walls  of  the  bore-hjle. 

Any  excess  melt  is  chilled  and  formed  into 
glass  pellets  which  are  extruded  through  the 
stem  of  the  system.  This  concept  of  rock-melting 
offers  more  than  just  a new  method  of  breaking 
or  disintegrating  rock.  It  provides  simultane- 
ously the  three  major  elements  of  the  convent- 
ional excavation  process: 

1.  Making  the  hole  or  tunnel. 

2.  Supporting  the  wall. 

3.  Removing  the  debris. 

Although  this  technique  offers  many  advantages 
for  ’out-of-slght * cable  instal  .ations , there 
L scill  considerable  research  required  in  the 
nrta  of  penetracion  speed  and  penetrator  life. 

Also  the  problems  of  safety  and  below-ground 
obst.icle  location  require  further  study  before 
this  concept  can  be  used  for  utility  construction. 

CONCLUSIONS 

With  the  development  of  more  complex  outside 
plant  apparatus  and  cables  the  manufacturers  of 
these  products  must  adopt  a more  significant 
role  in  providing  a total  system  package  which 
includes  installation  practices.  The  first  step 
towards  providing  cost-effective  cablt  instal- 
lation practices  is  to  establish  a comprehensive 
data  base  which  describes  both  the  short  and  long 
term  forces  acting  on  below-ground  cables.  Based 
on  the  present  state-of-the-art,  available  cable 
Installation  methods  are  quite  adequate  when  used 
in  good  soil  conditions  and  in  an  unpopulated 
environment.  However,  a large  proportion  of 
Installations  are  located  in  poor  soils,  rock 
and  restricted  heavy  machinery  areas  where  the 
available  excavation  techniques  are  both  tech- 
nically and  economically  inadequate.  It  Is 
essential  that  Improved  excavation  tools  and 
methods  be  developed  to  meet  the  social,  political, 
technical  and  most  Important,  economic  requlre- 
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ments.  Based  on  the  available  data,  high  pressure 
water  jetting  and  efficient  small  diameter  tunnel- 
ling are  two  methods  which  may  provide  the  capa- 
bility to  meet  these  requirements  in  the  near 
future. 
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Abstract 

The  oxidative  stability  of  foamed  high 
density  polyethylene  is  substantially 
poorer  than  that  of  solid  insulation  con- 
taining comparable  levels  of  stabilizers. 
Laboratory  studies  show  that  interaction 
between  the  metal  deactivatof  and  foam- 
ing agent  is  responsible  for  the  obser- 
ved difference  in  the  presence  of  copper 
conductors.  The  effect  of  antioxidant, 
metal  deactivator  and  foaming  agent  con- 
centration on  stability  was  quantified. 

An  experimental  grid  was  designed  and 
OIT  stabilities  of  the  compositions  were 
determined  both  in  contact  with  copper 
and  in  its  absence.  The  data  facilita- 
ted the  computation  of  best  fitting  sec- 
ond order  equations.  The  coefficients 
of  these  equations  were  determined. 

Background 

Polymer  insulated  telephone  wire  insulation 
has  traditionally  been  made  from  low  den- 
sity polyethylene  (LDPE),  high  density 
polyethylene  (HDPE) , and  polypropylene. 
Within  the  past  two  decades  there  has  been 
considerable  interest  in  the  utilization 
of  foamed  insulation,  to  counteract  in- 
creasing resin  cost,  provide  reduced  cable 
diameter  and  increase  duct  fill.  The  first 
large  volume  application  of  expanded  insu- 
lation using  LDPE  appeared  in  Japan  in  1958k 
Around  1960,  a foamable  HDPE  using  azobis- 
formamide  as  blowing  agent  first  appeared.^ 

Subsequently,  it  was  observed  that  the  pre- 
sence of  blowing  agent  or  its  reaction 
products  reduces  the  thermal  stability  of 
HDPE  insulation  as  evidenced  by  lower  oxi- 
dative induction  times  (OIT'^'^.  Oven 
aging  at  100°C,5  120°C  oxygen  uptake^  and 
DTA-OIT  data  equivocally  show  that  foamed 
HDPE  insulation  has  poorer  stability  when 
compared  to  solid  HDPE  insulation  in  the 
presence  of  copper.  It  has  also  been 


shown  that  the  stability  of  the  foam  is 
not  reduced  appreciably  in  the  absence  of 
copper . 

Recently,  it  has  been  found  that  the  dele- 
terious effect  of  the  blowing  agent  (or 
its  decomposition  products)  on  HDPE  in  the 
presence  of  copper  could  be  overcome  by 
increasing  the  antioxidant  concentration.^ 
Another  worker  has  postulated  that  the  cel- 
lular structure  itself  may  play  a part  in 
reducing  stability  in  the  foam  by  facili- 
tating increased  rate  of  oxygen  diffusion 
into  the  matrix.® 

In  this  work,  we  quantify  the  interactions 
of  foaming  agent,  metal  deactivator,  and 
antioxidant,  using  a three  dimensional 
experimental  grid  program  and  show  the  re- 
lationship between  the  desired  level  of 
stability  and  the  lowest  possible  cost  at 
that  level. 

Objectives 

The  objectives  of  this  work  were  to: 

- Quantify  the  antioxidant  - metal  deacti- 
vator - foaming  agent  interaction. 

- Estimate  limiting  stability  of  foamed 
insulation. 

- Establish  cost  of  stability  improvement 
for  foamed  insulation. 

- Demonstrate  applicability  of  predesigned 
experimental  grids  to  compounding  pro- 
blems . 

Experimental  Part 
Preliminary  Investigation 

The  initial  stage  of  the  work  included  the 
comparison  of  OIT  stabilities  of  solid  and 
foamed  HDPE  in  the  presence  and  absence  of 
copper  in  forms  of  pelletized  compound, 
insulation  and  insulation  converted  into  a 
7 mil  film.  The  results  presented  in  Fig- 
ure 1 show  that  within  experimental  error 
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the  OIT  stabilities  are; 

- Comparable  for  solid  and  foam  grades  in 
the  absence  of  copper. 

- Comparable  for  the  solid  compound  in  the 
presence  and  absence  of  copper. 

- Decreasing  to  about  half  of  the  original 
level  for  foam  in  the  presence  of  copper. 

- Decreasing  gradually  with  the  sequence 
of  heat  processing  steps; 

pe  1 le  tization-»insu  la  t ion -Compress  ion 
molding  of  insulation. 

These  observations  indicate  that  the  de- 
terioration of  stability  is  caused  by  some 
interaction  of  copper  and  foaming  agent 
either  directly  or  indirectly,  e.g.  through 
the  deactivation  of  the  metal  deactivator. 
They  also  suggest  that  the  physical  shape 
of  foam  is  not  directly  responsible  for 
the  lower  stability. 

Materials 


The  foamable  grade  HDPE  compound  was  a 
commercially  available  product  in  pellet 
form.  The  solid  grade  compound  was  iden- 
tical to  the  foamable  grade  axcept  it  con- 
tained no  foaming  agent.  The  antioxidant 
(AO)  utilized  was  tetra)cis  fmethylene- 
3 (3  ' -5  '^i-t-butyl-l-4-hydrexyphenyl)  pro- 
pionate I methane ; 


-C(CH3)3 


C - CH2-0-C-C2H4^ //  VOH 

^^C(CH3)3  J 4 

while  the  metal  deactivator  (MD)  was  N,N'- 
dibenzal  oxalyl  dihydrazide; 


The  experimental  compositions  were  arrived 
at  in  two  steps.  First  the  masterbatches 
of  antioxidants  and  metal  deactivator  were 
compounded  at  1%  w/w  in  solid  grade  HDPE. 
These  masterbatches  were  in  turn  compounded 
with  HDPE  to  achieve  the  final  formulations 
specified  by  the  experimental  grid. 


The  foaming  agent  (FA)  level  was  controlled 
by  using  proportional  amounts  of  solid  and 
foamable  grade  HDPE  pellets  in  the  second 
compounding  steps.  Exact  concentrations 
of AAO,  Amd  and  FA  in  each  experimental 
composition  is  specified  in  Table  1. 


Procedures 


All  compounding  was  performed  in  a Brabend- 
er  Plasticorder  equipped  with  a roller  5- 
type  measuring  head.  Forty  gram  batch* s 
were  mixed  at  160°C  and  50  rpm  for  10  min- 
utes. 


Each  masterbatch  and  experimental  formu- 
lation was  passed  once  through  a Farrel 
roll  mill  equipped  with  two  6 x 13  inch 
horizontal  rollers.  The  mill  temperature 
was  set  at  177°C  (350°F1  The  15  experi- 
mental formulations  were  then  pressed  for 
3 minutes  to  8 mil  thic)c  films  using  a 
Wabash  hydraulic  press  set  at  138°C  and 
5500  Ibs./sq.  in.  In  addition,  two  ex- 
perimental controls  were  prepared  by  sub- 
jecting 40  gram  samples  of  each  of  the 
two  compounds  to  all  of  the  aforementioned 
processing  conditions. 

The  oxidative  induction  times  (OIT)  were 
determined  on  a Per)cin-Elmer  model  IB  Dif- 
ferential Scanning  Calorimeter  (DSC) . 

Sanp  le  preparation  consisted  of  punching 
3 mm.  diameter  discs  from  the  8 mil  films 
to  give  typical  sample  sizes  of  1.4  to 
1.7  mg.  The  discs  were  placed  in  sample 
pans  of  both  aluminum  and  pre-oxidized 
copper  and  covered  with  aluminum  lids.  A 
fast,  manual  scan  in  nitrogen  atmosphere 
brought  the  temperature  to  200°C.  After 
the  sample  assemblyequilibrated  at  this 
temperature,  the  atmosphere  was  switched 
to  oxygen  and  the  strip-chart  recorder 
was  activated.  the  OIT  was  taVien  to  be 
the  time  from  the  introduction  of  the 
oxygen  to  the  onset  of  oxidative  degrada- 
tion. All  experiments  were  performed  in 
duplicate  and  the  results  averaged.  The 
averages  were  utilized  for  statistical 
treatment. 

Experimental  Design 

In  order  to  gain  maximum  information  from 
a given  number  of  experiments  a statisti- 
cal approach  was  elected.  This  approach 
consisted  of: 

- Designing  an  experimental  grid  to  maxi- 
mize information  with  a minimum  number 
of  experiments. 

- Conducting  the  experiments  to  generate 
responses  ("actual"  data) . 

- Selection  of  mathematical  equations 
which  adequately  approximate  the  effects 
of  variables  on  each  of  the  responses, 

- Computation  of  coefficients  for  these 
equations . 

- Computation  of  experimental  results 
("computed"  data)  using  these  coeffi- 
cients. 

- Decision  on  the  acceptability  of  appro- 
ximation by  comparing  "actual"  and  "com- 
puted" data. 

- Application  of  the  equations  to  generate; 
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Primary  effects  of  variables  on 
responses 

Interactions  of  variables 
Correlation  of  responses 

The  experimental  grid  was  designed  to  assess 
the  following  variables: 

Xj^=  antioxidant  concentration,  incre- 
mental amount  in  addition  to  that 
already  present  in  the  compounds, 

AO,  ranging  from  0 to  0.1%  by 
weight . 

X2=  metal  deactivator  concentration, 
incremental  amount  in  addition  to 
that  already  present  in  the  com- 
pounds, MD,  ranging  from  0 to 
0.1%  by  weight. 

X3=  foaming  agent  level,  FA,  relative 
scale  ranging  from  0 for  solid  in- 
sulation grade  HOPE  to  100  for 
foamable  grade  HOPE. 

The  responses  of  interest  were: 

Y^=  Oxidative  Induction  Time  (OIT)  in 
contact  with  copper  measured  in 
minutes . 

Yg=  OIT  in  the  absence  of  copper,  min- 
utes . 

Y(.=  Relative  cost  of  added  stabilizers 
on  an  arbitrary  scale  tanging  from 
0 for  the  commercial  compounds  to 
100  for  the  combination  of  0.1% 
antioxidant  + 0.1%  metal  deacti- 
vator, cents  per  pound  of  compound. 

The  expected  non-linear  correlation  of  var- 
iables and  responses  necessitated  the  use 
of  at  least  three  levels  for  the  variables. 
A full  factorial  3 level  design  for  3 vari- 
ables specifies  3^  = 27  experiments.  Par- 
tial factorial  grids  require  fewer  experi- 
ments at  the  expense  of  sacrificing  some 
of  the  "fit",  i.e.  resulting  in  somewhat 
limited  approximation.  The  grid  selected 
gives  an  acceptable  balance  of  experimental 
work  and  "fit". 

The  experimental  grid  (Figure  2)  is  a 3 
variable,  multilevel,  center  weighted, 
patched  orthogonal  design  and  requires  15 
experiments.  The  levels  of  the  variables 
in  each  experiment  are  specified  to  give 
a symmetrical  3 dimensional  arrangement  in 
which  each  experiment  contributes  to  the 
computation  of  the  coefficients  uniformly. 
The  variables  are  on  5 levels  (designated 
as  very  low,  low,  medium,  high,  and  very 
high  in  Figure  2 and  in  Table  1)  and  are 
expressed  in  "experimental  units".  An  ex- 


perimental unit  is  specified  as  the  dif- 
ference between  high  and  medium  or  be- 
tween medium  and  low  levels.  Using  the 
medium  level  as  0 the  other  4 levels  are: 
-1.215  e.u.  for  very  low,  -1.0  for  low, 
+1.0  for  high,  and  +1.215  for  very  high 
levels.  The  levels,  experimental  units 
and  concentrations  of  the  3 variables  in 
each  experiment  are  listed  in  Table  1. 

The  responses  Yg,  and  Y^,  were  deter- 

mined experimentally  and  used  in  genera- 
ting the  coefficients  of  best  fitting 
equations.  The  assumption  was  made  that 
in  view  of  the  relatively  narrow  range 
selected  for  the  variables,  a second  or- 
der equation  adequately  describes  the 
correlation.  The  generalized  equation 
for  each  response  is: 

2 2 2 
Y=a«+aiXi  +a9Xn+a-5X-3+aii  +X-i  '^^^^Xn+a^gX^ 

+a 12^1X2 '313X^X3+323X2X3  whire, 

X^,  X2  and  X3  are  the  values  for  AAO, 

AMD  and  FA  concentrations,  res- 
pectively, in  experimental  units.  The 
coefficients  Sq  to  a23  were  computed  for 
each  response  separately  using  the  least 
squares  method.  These  coefficients  are 
listed  in  Table  2.  It  should  be  noted 
that  in  the  case  of  relative  cost,  Y^, 
only  3 coefficients  are  needed  to  specify 
the  first  order  equation  due  to  the  addi- 
tive nature  of  this  response. 

The  coefficients  were  used  to  back  calcu- 
late the  predicted  or  "computed"  values 
for  each  experiment.  Figure  3 and  Table 
1 compare  these  "computed"  values  for 
each  experiment  for  responses  '{p  and  Y3 
with  the  "actual"  experimental  values. 

The  relative  cost,  Y^,  is  the  result  of 
calculation,  therefore  "actual"  values 
are  identical  to  "computed"  values.  The 
difference  between  computed  and  actual 
values  is  a measure  of  ' fit”  or  applica- 
bility of  the  approximation.  other 
measures  of  the  "fit"  are  the  standard  de- 
viation and  the  relative  error,  both  list- 
ed in  Table  2.  In  case  of  response  Yp, 

OIT  in  copper,  at  14.1%  relative  error  the 
"fit"  is  considered  adequate,  especially 
in  view  of  the  notoriously  poor ' reprodu- 
cibility of  this  test.  At  2.1%  relative 
error  for  Yg  (OIT  in  absence  of  copper) 
the  "fit"  is  excellent.  No  relative  error 
can  exist  for  relative  cost,  (Y^,)  since  it 
is  the  result  of  calculation. 

The  "computed"  values  for  the  responses 
were  used  to  calculate  the  primary  ef- 
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feet  of  each  variable  on  each  response. 

The  data  generated  is  presented  graphical- 
ly in  a number  of  figures,  plotting  a re- 
sponse against  a variable.  The  mathemati- 
cal approach  facilitates  the  computing  of 
variable  - Variable  interactions,  which 
are  presented  by  plotting  one  variable 
against  another,  generating  the  equal 
performance  contours  (Figures  9,  10,  11, 
20,  and  211  in  a two  dimensional  plot  or 
by  the  response  surfaces  presented  isome- 
trically  (Figure  12,  13,  14,  22,  23,  and 
26)  . 

Discussion 


Primary  effects  of  the  three  variables, 
incremental  concentrations  of  antioxidant 
and  metal  deactivator,  and  foaming  agent 
level  are  presented  in  Figures  4-8. 

Figure  4 shows  the  effect  of  antioxidant 
in  solid  compound.  The  three  curves  rep- 
resent three  levels  of  metal  deactivator 
0,  0.05  and  0.1%  respectively.  The  prox- 
imity of  these  three  curves  is  indicative 
of  a relatively  minor  effect  of  the  metal 
deactivator  under  these  circumstances. 

The  maximum  type  curve  cresting  at  ap- 
proximately 0.07%  additional  antioxidant 
concentration  can  be  considered  as  indica- 
tion of  a maximum  type  correlation.  On 
the  other  hand,  the  minor  decline  in  these 
curves  to  the  right  of  the  maximum  point 
can  be  interpreted  as  indication  of  an 
asymptotic  correlation  which  is  distorted 
by  the  forced  use  of  a second  order  equa- 
tion. In  either  case,  the  antioxidant 
concentration  up  to  0.07%  incremental 
value  improved  the  OIT  stability  in  the 
presence  of  copper. 

Figure  5 is  a similar  plot  for  the  50-50 
blend  of  solid  and  foamable  compounds. 
Compared  to  the  previous  Figure,  a more 
significant  stability  increase  with  in- 
creasing antioxidant  concentration  can  be 
seen.  The  correlation  can  be  considered 
either  as  maximum  cresting  at  0.07%  or 
as  asymptotic  beyond  a 0.07%  incremental 
antioxidant  level. 

The  stabilizing  effect  of  both  additional 
antioxidant  and  additional  metal  deactiva- 
tor is  even  more  pronounced  in  the  case  of 
the  foaming  grade  compound  (Figure  6) . 
Compared  to  the  previous  two  figures,  the 
maximum  or  asymptotic  region  is  shifted  to 
the  0.09%  incremental  antioxidant  concen- 
tration . 


These  curves  can  be  used  to  define  the 
composition  of  an  additive  system  re- 
sulting in  a desired  stability  level.  As 
an  example  for  the  foam  grade  compound, 

OIT  stabilities  in  copper  can  be  achieved 
in  the  range  of  13  to  65  minutes  by  selec- 
ting the  corresponding  incremental  anti- 
oxidant and  metal  deactivator  levels.  An 
OIT  value  of  50  minutes  can  be  obtained 
by  increasing  the  stabilizer  level  with 
any  of  the  following  combinations. 

0.05%  antioxidant  + 0.1%  metal  deactivator 
0.042%  antioxidant  + 0.08%  metal  deacti- 
vator 

0.06%  antioxidant  + 0.08%  metal  deactivator 
0.076%  antioxidant  + 0.05%  metal  deacti- 
vator 

The  primary  effect  of  metal  deactivator 
is  nearly  linear  (Figure  7) . It  has  vir- 
tually no  effect  on  the  solid  compound 
and  a very  strong  effect  on  the  foam 
either  by  itself  or  in  combination  with 
antioxidant . 

The  destabilizing  effect  of  foaming  agent 
is  partially  compensated  for  by  the  addi- 
tion of  either  metal  deactivator  or  an- 
tioxidant (Figure  8) . 

Interactions . The  mathematical  approx- 
imation allows  the  computation  of  the  in- 
teractions of  the  variables.  A graphical 
method  to  present  the  interactions  is 
the  construction  of  the  equal  performance 
contours  in  which  one  variable  is  plotted 
against  the  other  keeping  the  third  one 
constant,  as  shown  in  Figures  9,  10,  and 
11,  respectively.  In  the  first  one 
variable  Xj,  foaming  agent  concentration 
is  kept  at  the  zero  level.  In  other  words, 
this  figure  reflects  the  equal  perform- 
ance curves  in  the  solid  compound.  Plot- 
ting the  other  two  variables  on  the  two 
axes  of  the  coordinate  system,  each  point 
defines  a combination  of  them  and  the 
curves  represent  the  equal  performance 
combinations.  The  saddle  type  configura- 
tion around  0.07%  antioxidant  concentra- 
tion results  from  the  maximum  type  curve 
found  earlier  on  Figure  4.  Similar  plots 
for  the  50-50  blend  of  solid  and  foam 
grade  compounds  and  for  the  foamable  grade 
compound  is  presented  in  Figures  10  and  11 
respectively.  These  plots  can  be  used  to 
select  compositions  for  a given  perform- 
ance. As  an  example,  the  50  minutes  line 
in  Figure  11  defines  all  AAO, AMD  combin- 
ations providing  this  OIT  level,  including 
those  specified  earlier  using  Figure  6. 
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The  interaction  of  two  variables  can  be 
conveniently  visualized  in  the  isometric 
presentation  of  response  surfaces.  The 
bottom  plane  of  Figures  12,  13,  and  14  re- 
presents the  same  antioxidant  metal  deac- 
tivator compositions  as  Figures  9,  10,  and 
11.  The  OIT  values  are  plotted  on  the 
vertical  axis.  The  sum  of  the  end  points 
of  imaginary  vertical  lines  for  an  infin- 
ite number  of  compositions  constitutes 
the  response  surface.  The  relative  po- 
sition of  these  surfaces  shows  that  in 
the  foming  grade  compound,  both  the 
antioxidant  and  the  metal  deactivator 
result  in  significant  improvement  and 
the  combination  of  the  two  additives 
amplifies  this  improvement  without 
being  synergistic.  The  similarity  of  the 
surface  for  the  50-50  blend  of  the  two 
compounds.  Figure  13  suggests  that  rela- 
tively minor  amount  of  the  foaming  agent 
is  capable  of  interfering  with  the  sta- 
bility. The  relatively  high  position  of 
the  surface  for  the  solid  compounds.  Fig- 
ure 12,  reflectsthe  higher  stability  of 
this  compound.  Interestingly,  the  high- 
est point  of  this  surface  representing  the 
maximum  additive  levels  is  marginally  low- 
er than  the  similar  corner  for  the  foam- 
able  grade.  Since  this  juxtaposition  is 
not  justified  by  simple  logic,  we  should 
conclude  that  the  forced  use  of  second 
order  approximation  results  in  minor  dis- 
crepancies, and  the  values  for  this  point 
should  be  considered  as  equal. 

OIT  Stability  in  the  Absence  of  Copper 


in  F-gures  21  and  22  are  indicative  of 
the  absence  of  interactions  both  in  the 
solid  and  in  the  foam  grade  compound. 

This  is  reflected  in  the  isometric  pre- 
sentation of  the  response  surfaces  (Fig- 
ures 22  and  23)  as  almost  planar  surfaces 
tilted  predominantly  in  the  direction 

representing  incremental  antioxidant. 

Correlation  of  responses.  The  corre- 
lation between  OIT  stabilities  in  the  pre- 
sence and  absence  of  copper,  versus 
Yg  is  best  represented  in  Figure  24. 

The  numbers  in  the  circle  refer  to 
the  serial  numbers  in  the  compo- 
sitions. The  three  types  of  arrows  con- 
nect the  compositions  which  are  identical 
in  two  components  and  differ-  only  in  the 
third  one.  Therefore,  the  arrows  of  iden- 
tical type  represent  the  main  effect  due 
to  the  copper.  The  dotted  arrows  show 
the  effect  of  antioxidant.  The  approxi- 
mately 45°  slope  for  most  of  these  arrows 
indicates  that  increments  in  the  antioxi- 
dant are  about  equally  effective  as  sta- 
bility increasing  agents  both  in  the  pre- 
sence and  in  the  absence  of  copper.  The 
approximately  horizontal  solid  arrows 
representing  the  metal  deactivator  show 
that  this  agent  is  much  more  efficient  in 
improving  the  OIT  in  the  presence  of  cop- 
per than  in  its  absence.  The  brolcen  ar- 
rows pointing  mostly  downward  showing 
the  effect  of  the  foaming  agent  confirmed 
the  Icnown  fact  that  its  primary  influence 
is  the  decrease  in  the  stability  enhanced 
by  the  presence  of  copper. 


The  catalytic  effect  of  copper  on  the  OIT 
stability  is  assessed  by  comparing  the  re- 
sults described  above  with  those  generated 
in  the  absence  of  copper.  "Actual"  Oit 
values,  Yg,  for  compositions  1-15,  are 
listed  in  Table  1 and  are  presented  in  the 
three  dimensional  grid  system  in  Figure  15 . 
The  coefficients  of  an  assumed  second  order 
approximation  were  determined  (Table  2)  and 
used  to  calculate  the  "computed"  OIT  values. 
(Table  1 and  Figure  15'  . 


Relative  Cost 

The  relative  cost  of  incremental  additives 
Yq  is  computed  only  for  that  of  the  antio- 
xidant and  of  the  metal  deactivator.  The 
cost  of  0.1?4  antioxidant  plus  0.1%  metal 
deactivator  is  considered  as  100,  and  the 
cost  of  any  other  combination  is  propor- 
tionated, By  definition,  this  property  can 
be  described  with  a first  order  equation 
requiring  only  3 coefficients  (Table  2) . 


Primary  effects.  Antioxidant  addition 
results  in  OIT  improvement  both  in  the 
solid  and  in  the  foam  grade  compounds  (Fig- 
ures 16  and  17  respectively) . Neither  the 
incremental  metal  deactivator  (Figure  18) 
nor  the  foaming  agent  (Figure  19)  has  a 
significant  effect. 

Interactions  of  variables.  The  approxi- 
mately vertical  direction  and  negligible 
curvature  of  the  equal  performance  contours 


Computed  values  of  relative  cost  for  the 
15  compositions  are  presented  in  Table  1. 
It  is  evident  that  there  is  no  difference 
between  experimental  and  computed  values 
in  this  case. 

The  primary  effect  of  antioxidant  and 
metal  deactivator  additives  on  the  rela- 
tive cost  is  presented  in  Figure  25.  The 
additive  nature  of  this  property  manifests 
itself  in  a linear  correlation  both  with 
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the  antioxidant  and  with  the  metal  deacti- 
vator concentrations. 

The  isometric  presentation  of  the  response 
surface  (Figure  261  is  a tilted  plane  due 
to  the  linear  correlation.  By  definition 
the  low  point  of  this  surface  is  at  0 re- 
lative cost  co*-responding  to  the  absence 
of  incremental  additives,  and  the  high 
point  at  the  maximum  level  for  each  ad- 
ditive is  100. 

The  correlation  of  responses  is  presented 
by  the  plotting  of  relative  cost  against 
the  OIT  stability  either  in  the  presence 
or  in  the  absence  of  copper.  Figures  27, 
and  28  respectively.  The  three  types  of 
arrows  connect  the  compositions  which  dif- 
fer in  one  component  only.  The  upward 
trend  of  the  dotted  arrows  for  compositions 
with  equal  antioxidant  levels  is  indicative 
of  its  cost  efficiency.  The  almost  hori- 
zontal solid  lines  for  the  metal  deactiva- 
tor shows  no  effect  on  or  Yb  indicating 
very  poor  cost  efficiency  of  this  additive. 
The  downward  orientation  of  the  broken  line 
arrows  for  equal  levels  of  foaming  agent 
shows  the  negative  effect.  The  relative 
position  of  Figure  27  compared  to  Figure 
28  is  indicative  of  the  catalytic  effect 
of  copper. 

Determination  of  Most  Cost  Effective  Systems 

It  was  shown  earlier  that  both  the  stabi- 
lity and  the  cost  of  any  combination  of 
the  additives  can  be  expressed  with  rela- 
tively simple  equations.  The  combination 
of  two  appropriate  equations  makes  it  pos- 
sible to  compute  the  composition  for  any 
selected  stability  level  at  the  minimum 
cost.  In  the  case  of  two  variables  a 
graphical  method  can  be  used  and  is  demon- 
strated in  Figure  29.  It  is  basically  a 
combination  of  Figures  11  and  25,  the  equal 
stability  contours  for  foam  grade  compound 
in  the  presence  of  copper,  and  the  equal 
cost  lines.  The  line  representing  44  min 
OIT  stability.  The  same  technique  can  be 
used  to  determine  the  tangential  points 
for  performances  from  42  to  60  minutes. 

The  dotted  line  connecting  these  tangential 
points  is  the  path  of  the  minimum  cost  com- 
positions for  this  performance  range.  For 
performances  below  42  minutes  OIT  no  tan- 
gential points  are  available  within  the 
field  of  investigation.  In  this  area,  the 
minimum  compositions  are  achieved  at  0 in- 
cremental metal  deactivator  concentration 
with  the  addition  of  appropriate  amounts 
of  antioxidant.  This  is  reflected  by  the 


dotted  line  along  the  bottom  of  Figure  29 
progressing  from  0 to  0.065J4  incremental 
antioxidant.  Similarly,  performance 
levels  above  60  minutes  OIT  are  achieved 
by  the  addition  of  the  maximum  metal  de- 
activator level,  0.1%,  combined  with  the 
appropriate  amount  of  antioxidant.  This 
is  represented  in  Figure  29  by  the  dotted 
line  in  the  top  right  corner. 

The  same  technique  was  used  to  determine 
the  minimum  cost  composition  for  the  SO- 
SO blend  of  solid  and  foamable  grade  com- 
pound. In  the  case  of  OIT  stability  in 
the  presence  of  copper  this  is  presented 
with  the  dotted  line  in  Figure  10.  In 
the  case  of  the  solid  compound,  the  mini- 
mal cost  composition  is  along  the  bottom 
line  of  Figure  9 showing  that  the  minimum 
cost  compositions  can  be  achieved  with  the 
addition  of  incremental  antioxidant  only. 

The  equal  performance  contours  for  OIT 
stability  in  the  absence  of  copper  were 
presented  in  Figures  20,  and  21.  Using 
the  same  techniques,  it  is  shown  that  the 
minimum  cost  compositions,  represented 
with  dotted  lines  in  each  of  these  fig- 
ures, can  be  achieved  by  addition  of  in- 
cremental antioxidant  only  up  to  0.1%. 

Cone  lusions 

- Second  order  equations  can  be  used  to 
approximate  primary  effects  and  inter- 
actions of  the  antioxidant,  metal  deac- 
tivator, foaming  agent  system  on  OIT 
stability  in  HDPE. 

- OIT  in  contact  with  copper  is  greatly 
decreased  by  foaming  agent. 

- This  decrease  in  stability  can  be  com- 
pensated for  by  additives. 

- Antioxidant  is  more  efficient  than  metal 
deactivator  at  equal  concentration. 

- The  method  presented  is  suitable  to 
establish  minimum  cost  compositions  at 
desired  stability  levels. 
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ABSTRACT 

The  outstanding  perfornance  of  a bifunctional 
Antioxidant/Metal  Deactivator  for  polyolefin 
wire  insulation  is  discussed  with  regard  to 
the  performance  of  the  presently  used  two 
component  stabilizer  systems  for  this  applies' 
tion.  The  data  indicate  that  N,N''Bi8(3'(3' , 

5 '-di-t ert 'but y 1-4 '-hydroxy phenyl )'pr op iony I | 
hydrazine  functions  both  as  an  antioxidant  and 
as  a metal  deactivator*  It  provides  thermal 
oxidative  stability  to  polypropylene  copolymer 
and  high  density  polyethylene  solid  and  cellu- 
lar insulation  in  the  presence  of  copper  con- 
ductors* The  effect  of  temperature^  petrola- 
tum cable  filler  and  processing  on  the  per- 
formance of  this  compound  is  also  discussed* 


INTRODUCTION 

Polyolefins  are  extensively  used  in  a wide 
variety  of  wire  and  cable  applications  where 
thermo-oxidat ive  degradation  can  occur*  De- 
gradation is  manifested  as  cracking  and  em- 
brittlement of  the  wire  insulation*  thereby 
exposing  the  copper  conductor.  Thermally- 
induced  oxidation  and  exposure  of  insulation 
to  petrolatum  filler  for  wire  and  cable  can 
significantly  reduce  the  useful  field  life 
of  polyolefin  materials* 

The  most  commonly  used  metal  deactivators 
for  either  solid  or  cellular  polyolefins 
wire  insulation  are  N,N'-Bis(3-(3* ,5*-di- 
tert-butyl-4*-hydroxyphenyl )-propionyl ) 
hydrozine  (MDA-l)  and  N,N'-Dibenzal  Oxalyl- 
dihydrazide  (MDA-2)*  Presently  these  metal 
deactivators  are  being  used  in  conjunction 
with  ant ioxidant , Tetrakis|roethylene-3- 
(3'  ,5* -di-t-buty 1-4-hydroxy phenyl ) prop iony 
atejmethane  (AO-D*  Previous  evaluations 
in  our  laboratories  indicated  that  MDA-l 
performed  both  as  an  antioxidant  and  as  a 
metal  deactivator*  Moreover,  this  compound 


appeared  to  be  less  sensitive  to  petrolatum 
exposure  than  the  present  two  coaponent 
stabilizer  systems  used  for  stabi 1 izat ion  of 
polyolefin  wire  insulation*  Data  published 
by  M.  G.  Chan  and  R.  A.  Powers^  (Table  I) 
also  indicated  that  the  formulation  contain- 
ing this  bifunctional  compound  alone  ex- 
hibited the  best  oxidative  stability  per- 
formance of  copper  laminates  at  121*C  and 
has  retained  high  stability  after  petrolatum 
exposure  as  compared  to  several  other  com- 
pounds evaluated*  The  same  published  data 
also  indicated  that  this  bifunctional  com- 
pound, in  conjunction  with  unidentified 
hydrazine  derivative,  was  the  most  effective 
formulation  in  oxidative  stability  perfor- 
mance of  poly(propylene-ethylene)  copolymer 
wire  insulation  at  I40*C  and  appeared  to  be 
the  least  sensitive  to  petrolatum  exposure* 
The  above  finding  can  be  well  supported  by 
our  recent  results  which  showed  that  the  use 
of  this  bifunctional  compound  (HDA-1)  alone, 
either  in  solid  or  cellular  polyolefin  wire 
insulation,  offered  better  oven  aging  per- 
formance than  the  present  two  component 
systems  and  it  appeared  to  be  less  sensitive 
Co  petrolatum  exposure  than  the  two  component 
stabi I izer  systems • 


EXPERIMENTAL 

PREPARATION  OF  INSULATED  WIRE  SAMPLES 

Initial  Compounding:  The  specified  stabilizer 
system  plus  i*0Z  titanium  dioxide  were  dry 
blended  into  a minimally  stabilized  wire  grade 
high  density  polyethylene  and  poly(propylene- 
ethylene)  copolymer  and  extruder  compounded  at 
199®C  {390*F). 

Solid  Insulated  Wire:  The  pellets  obtained 
as  above  were  extruder  coated  onto  22  AWG 
copper  wire  to  provide  a final  insulation 
thickness  of  0.35  mm  (14  mil)*  Extrusions 
were  performed  using  a 25  mm  (1")  24:1  L/D 
extruder  equipped  with  a constant  pitch 
gradual  transition  metering  screw  and  a 
wire  coating  crosshead*  The  crosshead 
temperature /^254*C  (490*F)  was  maintained* 

The  speed  of  the  wire  coating  line  was  39 
meters  (130')  per  minutt.  The  copper  wire 
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was  preheated  uaing  a hot  air  gun  at  260*C 
(S00*F)  to  aaaure  adequate  adhesion* 

Cellular  HOPE  tnaulated  Wire:  The  pellets 
obtained  in  the  initial  coapounding  step 
were  dry  blended  with  0•^X  Celogen  AZNP*1}0 
bK)wing  agent  and  extruder  coated  onto 
22  AWC  copper  wire  using  the  saar  extruder 
as  described  above.  The  wire  costing  cross'* 
head  was  ^intained  at  210*C  (410*F)  and 
kg/cn*  (2800  psi)  pressure.  The  speed 
of  the  wire  coating  line  was  27  arters  (90*) 
per  ainute.  The  copper  wire  was  preheated 
using  a gas  flasu*  to  assure  adequate  adhe* 
sion.  The  cellular  coating  on  the  wire  was 

0.)S  OSS  (lA  ail)  thick. 


TESTING  PROCfcDlfRES 

Petrolatua  Exposure  and  Oven  Aging: 

*'0*'  shaped  lengths  of  insulated  wire  saaples 
were  quicklv  dipped  (1*2  seconds)  into  B»lten 
petrolatum  at  11)*C,  withdrawn  and  allowed  to 
coal.  The  adhering  petrolatua  represented  a 
weight  pick  up  of  about  100*  based  on  the  in* 
sulation  weight.  The  dipped  wire  samples 
were  then  oven  aged  at  70*C  (I^8*F)  for  10 
days,  wiped  free  of  petrolatua  and  formed 
into  pigtails.  The  pigtails  were  oven  aged 
at  100*C  and  I20*C  for  HOPE  and  120*C  and 
140*C  for  ;>oly(propylene“ethylene)  copolymer 
in  forced  draft  ovens  with  a miniaua  air- 
flow and  equipped  with  rotating  shelves. 

The  pigtail  samples  were  visually  examined 
periodically  for  cracking,  embrittlement  or 
decomposition.  The  average  failure  time  of 
five  replicates  was  recorded. 

RESULTS  AND  DISCUSSIONS 

The  performance  of  N,N'-Bi8l3-(3'5*-di- 
tert-butyl-4*-hydroxyphenyl )-propiony I ) 
hydrazine  (MDA-1)  as  a sole  stabilizer 
for  solid  and  cellular  polyolefins  wire 
insulation  was  determined  using  in-house 
prepared  wire  insulation.  Oven  aging 
results  at  120*C  and  IC0*C  of  both  solid 
and  cellular  HOPE  wire  insulation  in- 
dicated that  this  bifunctional  compound 
performed  both  as  an  antioxidant  and  as  a 
metal  deactivator  (Table  2 and  Table  3). 
Moreover,  MDA-l  exhibited  better  perfor- 
mance to  the  present  two  component  sta- 
bilizer systems,  AO-l/MDA-l  and  AO-l/ 

MDA-2  and  it  appeared  to  be  less  sensi- 
tive to  petrolatum  exposure  than  the  two 
component  stabilizer  systems.  These 
findings  confirm  the  published  data^ 
by  M.  G.  Chan  and  R.  A.  Powers  and  in- 
dicate that  MDA-l  is  capable  of  function- 
ing as  a hydrogen  donor  as  well  as  cap- 
able of  functioning  as  a copper  deactiva- 
tor used  for  polyolefins  wire  insulation. 

The  concentrat ion/performance  profile  for 


N1>A-1  in  cellular  MOPE  wire  tasulattom  at 
I20*C  and  I00*C,  presented  in  Table  4,  in- 
dicates that  0*2Z  cooceoiralion  ot  NDA-t 
is  a very  viable  concentrat ion  because  at 
this  level  MDA-J , both  before  and  alter 
petrolatum  exposure  apprsrs  to  perluna 
better  than  the  two  component  staoiliaer 
systems.  A lower  O.lt  concentration  is 
probably  loo  low  a concentrat ion  to  be 
useful  for  this  cellular  HOPt  wire 
insulat ion. 

The  performance  of  NDA-1  atone  and  in  con- 
junction) with  AO-l  was  also  determined 
in  poly(propytene-ethylene)  copolymer 
solid  wire  insulation.  Oven  aging  results 
at  120*C  and  140*C  indicated  that  a 1:1 
blend  of  NOA-1  with  AO-l  at  0.4t  total 
concentration  performed  better  Chan  a 1:1 
blend  of  HDA-2  with  AO-l  at  the  same  con- 
centration (Table  3).  Here  again,  0.41 
NOA-I  alone  was  less  sensitive  to  petro- 
Istum  exposure  than  the  present  two  com- 
ponent stabilizer  systems,  AO-l/NDA-1  and 
AO-l/HUA-2.  The  advantage  of  NDA-1  ip 
especially  evident  at  the  lower  oven 
sging  teuperatures  which  are  a closer 
spproxisiat  ion  to  temperstures  encountered 
in  actual  use  conditions. 

Concentrstion/performance  profile  for 
MDA-l  has  also  been  developed  in  this 
poly(propylenc-ethylene)  copolymer  wire 
insulation  and  it  is  presented  in  Table 
6.  It  is  interesting  to  note  that  sub- 
stantially improved  thermal  stability 
before  and  after  petrolatum  exposure  can 
be  obtained  with  higher  concentration  of 
MDA- 1 . 

MDA-l  has  desirable  ancillary  properties 
such  as  lower  melting  point  than  MDA-2 
(227  vs.  320*0  and  processing  stability 
(Table  7)  comparable  to  the  present  two 
component  stabilizer  syatem  in  polypropy- 
lene at  260*C  (500*F).  These  ancillary 
properties  make  MDA-l  easily  processed  in 
polyolefins  used  in  a wide  variety  of  wire 
and  cable  applications  at  processing  tem- 
peratures of  23?*C  - 260*C  <450*  - 500*F). 

CONCLUSIONS 

1.  The  use  of  MOA-1  as  a sole  stabilizer 
system  at  about  0.22  in  solid  and 
cellular  polyolefin  wi*'e  insulation 
offers  a viable  alternative  to  the 
present  two  component  stabilizer 
systems  (AO  ♦ MDA)  and  it  appears  to 
be  less  sensitive  to  petrolatum  than 
the  two  component  stabilizer  systems. 

2.  Substantial ty  improved  thermal  stability 
of  high  density  polyethylene  and  poly 
(propylene-ethylene)  copolymer  wire  in- 
sulation can  be  obtained  with  high#* 
concentration  of  MDA-l  alone  and  AO-l/ 
MDA-l  blend. 
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ADDITIVES  USED  IN  THIS  PUBLICATION 

Antioxidant-l : Tetrakis  In»ethylene-3(3' ,5' -di- 
tert-buty l-4-hydroxyphenyl ) 
propionate  | methane. 

Antioxidant-2:  Thiodiethy lene  bi8(3,5-di-tert- 
bu ty 1 -4-hvdroxy )hydroc innamate. 

Antioxidant-3:  3:1  Condensate  of  3-inethyl-6- 
tert -buty Iphcnol  with  croton 
a Idehyde. 

Ant  i oxidant -4:  I , 3 , 5-Triir>e  thy  1-2 ,4 ,6-t  r isC  3,5- 
di -tert -buty I -4-hydroxypheny I ) 
benzene. 

Ant ioxidant-5 : Di-^  -napthy I-p-pheny lenediamine. 

Ant  i oxidant  -b:  4,4'  -Thiobis(  3-(ne  thy  1 -6-tert- 

buty Iphenol ). 

MDA-1;  N,N' -Bis  iT-vJ* ,5’ -di-tert -butyl-4' - 
hydroxy pheny 1 )propiony Ihydraz ine. 

MDA-2 : N ,N' Dibenzal  oxa ly Id ihydraz ide. 
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t>X!DATIVl  STABILITIIS  01^  j AMJNAUb 

Average  Extrapolated  Induction 
Times  (fiiHirsl  at  i:i*C 


No  Petrolatum 

Pet  rolaCum 

Addit ive* 

Exposure 

Expi^sure 

A 1 ont* 

<1 

^2 

AO-1 

372*43 

26*2 

— 

AO- 2 

33903 

23*0 

AO- 3 

2522.11 

27*12 

“ 

AO-4 

1620 

22*3 

AO-3 

106*30 

13*2 

-■ 

AO-6 

360*2 

116*2 

“ 

*— 

MDA-1 

1493*16 

1019*14 

*0.5  Weight  Percent 

2 - M.  G.  Chan.  R.  A.  Powers,  33rd  SPE  ANTEC, 
p.  292,  May  5-8  , 1975, 


Effectiveness  of  Ant ioxidant /NeCa 1 Dcactivator 
in  22  AWG  HDPE  Insulated  Wire  at  I20*C 

Hours  to  Cracking*  of  Insulation 

No  Petrolatum  Petrolatum 


Exp 

>osut  e 

Exp 

O.U  AO-1  ♦ 

0.  11  MDA 

Solid 

Cellular 

Solid 

MDA-1 

MDA-2 

3,300 

3,200 

1 ,900 
2,000 

2,800 

1 ,900 

0.2i  MDA-1 
Only 

3,800 

2,900 

3,400 

*Averages  of  five  replicates 
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Et  tret  iVi'nt^ii*  ot  Ant  lom  d4nc ' '<•■1  Ih>  i * 
in  22  AWo  HUPt  ltittul4tr«S  i«ii4  4i  K ’i 


Hi>uf4  14  Cr4^4init*  »*t_^ln»aj4t  iiHi 


No  Petrolatum 
Empostir** 

Pf  1 1 olat  urn 
Exp4»sute 

Solid 

Cellular 

S*»l  id 

Cel lulai 

1 1 . lot) 

9, 100 

9.100 

4,800 

10,800 

7.  boo 

b.700 

1,400 

12.700 

I0,)00 

>7.^00 

4,900 

O.U  AO- I » 
0.  i:  MDA-I 


0.:;  MDA-i 
Onlv 


*Averagrs  of  fivr  replicatra 
Table  ^ 

Effect  of  concentration  of  HDA-1  on  Thernal 
Stability  of  22  AWC  HUPE  Cellular  Insulated  Wire 

Hours  to  Crackins*  of  Insulation 


No  Petrolatum 
Exposure 


Pet  rolatum 
Exposure 


O.li  AO-l  ♦ 


O.U  HDA 

120°C 

100‘C 

120*C 

ioo*c 

MDA-1 

1 ,900 

9.300 

1 .500 

4.600 

MDA-2 

2,000 

7.600 

1 .000 

3.400 

MDA-l  Onlv 

o.io: 

1 .400 

5.300 

700 

2.700 

o.2o: 

2.900 

10.300 

1.700 

4.900 

0.30J 

3,600 

13.000 

2.400 

5,900 

♦Averages  of  five  replicates 

Table  5 

Effectiveness  of  Ant toxidant /Meta  I Deactivaturs 
in  22  AWG  Poly(propylene-ethylene)  Solid 
Insulated  Wire 

Hours  to  Cracking*  of  Insulat ion 


No  Petrolatum 
Exposure 


Petrolatum 

Exposure 


0.2S  AO-l  ♦ 

0.2X  MOA 

IZO^C 

140*0 

120*0 

140°C 

MDA-1 

5,100 

1,300 

4,200 

850 

MI)  A- 2 

3,700 

1 ,070 

2.700 

750 

0.4S  MDA-1  Only 

5,200 

740 

5,000 

650 

ll|r«i  t I t**i  . -.t  i ««  i^Mi  ot  Ani  losidaot  ^Hrcat 
•••«.{  4 vat  «ii  lA  • ; AWL  P jly (piOfvtene 'rtl  ^ lenr  > 
Solid  Insulated  dire  at  l»0*C 


HtNirs  to  Cracking* 
of  Insulat ion 

No  Peirolatus  fecrofdlun 
Exposure  Exposure 


. «»Ai  ent  1 4(  ic 
of  111  Plend 


Ai>-1  • HbA-l 


0.2; 

1,300 

2.200 

0.45 

5.100 

4,200 

l.U*. 

6,200 

b.ftOU 

AO-l  ♦ MUA-2 

0.2: 

2,800 

1,850 

0.4t 

1,700 

2,700 

1.0: 

6,400 

5,100 

MDA-1  Only 

0.2: 

1.100 

2,700 

0.4: 

5,200 

5,000 

1.0: 

9,000 

9,200 

♦Averages  of  five  replicates 
Table  7 


Additive 


0.25  MDA-1  Only 
0.21  MDA-2  Only 

0.2X  AO-l  Only 


♦ASTM  Designation  D1238-65T,  Condition  L for 
Polypropylene 


lene  at 

260*C 

(500*F) 

Melt 

Flow 

Ratr** 

After 

Extrusions 

_i 

3 

5 

0.75 

1.78 

1.25 

0.38 

0.61 

0.98 

0.61 

1.95 

3.46 

0.36 

0.62 

1.02 

0.32 

0.59 

0.85 

0.41 

0.85 

1.66 

♦Averages  of  five  replicates 


66 


NEW  COPPEH  DEACTIVATORS  hXJK  POLYOLEFINS 
BY 

K.  Yamai^chi,  T.  Yushikawa.  N.  Sakamotu, 

S.  Ohtumu.  K.  Kanda.  S.  Oh*e  and  T.  Imaoka. 

Ube  Industrit's,  Ltd..  7-3,  Kamimigasoki 
3-chonK-,  Chiyoda-ku,  Tokyo,  Japan 


SUMMARY 


It  is  shown  by  thi-  statistical  analysis  on  the 
structuri-pofforniani'c  relationship  tliat  high  melt- 
ing point,  high  molecular  weightdow  solubility  and 
low  reactivity  to  free  radicals  are  the  desirable 
properties  for  the  copper- deactivators  for  polypro- 
pylene in  contact  with  metallic  copper.  Of  a large 
number  of  compounds  synthesized,  four  compounds 
are  selected  for  detailed  studies  of  practical  pioper- 
ties  relative  to  copper- deactivators  for  polyolefin 
insulation  of  PIC  cables. 

INTRODUCTION 

The  basic  action  of  the  copper-deactivator  is 
supposed  to  lie  in  lowering  redox  potential  of  cupric 
ion  by  capturing  it  into  a chelate  compound.  The 
copper  diminishes  thereby  its  catalytic  action  u{)on 
peroxides,  which  on  decomposition  lead  to  an  accel- 
erated auto- oxidation  of  polyolefins.  There  arc 
many  papers  on  this  subject,  but  the  newest  one  may 
be  that  of  Allara  et  al*.  who  studied  the  catalytic 
activities  of  the  reaction  products  obtained  fii>m 
various  cupric  salts  and  oxamides. 

The  second  factor  tliat  determines  the  perform- 
ance of  copper-deactivator  would  be  its  diffusion 
property.  Chan  et  al“  proved  tliat  copper-deactiva- 
tor  added  to  polyethylene  diffuses  into  the  polyethy- 
lene-copper interface  and  deactivates  the  surface 
of  copper.  However,  for  Uie  long-te.m  stability  of 
insulations,  the  copp«-r-deactivator  should  not  be 
lost  too  rapidly  by  diffusion.  Hansen  et  al^  and 
Ohsawa  et  al"*  proved  tliat  the  low  reactivity  of  N, 
N'-diphenyloxamide  is  due  to  its  high  diffusivity. 

The  third  factor  is  the  solubility  of  copper- 
deactivator  in  polymer.  It  remains  to  be  solved 
whether  or  not  the  high  solubility  of  copper-deacti- 
vator is  desirable  for  the  long-term  stability  of 
insulations.  Howard  et  al"’  claim  that  the  copper- 
deactivators  which  arc  either  completely  insoluble 
or  extensively  soluble  in  the  polymer  are  prefer- 
able to  the  compounds  with  intermediate  solubilities. 

It  can  be  seen  from  the  present  series  of  experi- 
ments that  the  long-term  effect  of  copper  deactivator 
is  not  only  dep<-ndent  on  the  chemietd  ri'activity  liut 
also  on  the  physical  beliavior  of  molecule  in  the 
polymer  matrix. 

.As  the  cominiiation  of  our  previous  publication®, 
the  present  study  has  been  made  to  find  copiM-r  deac- 
tivators with  long-term  effect  for  polyolefins  occurr- 
ing in  contact  witli  metallic  copper. 

In  the  present  study,  the  copper  mesh  laminate 
and  insulated  conductor  were  used  for  aging  tests  so 
as  to  obtain  more  relevant  data  in  relation  to  their 
practical  performances. 

Consideration  on  the  strueture-pe  iformance 
relationship  for  many  compounds  tested  allowed  us 


to  derive  tlu.‘  multiple  regression  I'quatluns  wtuch 
can  be  used  fur  interpreting  the  beliavlur  of  copper- 
deactivators.  Ttiey  would  be  iK-lpful  in  molecular 
design  or  prediction  of  the  effect  of  m-w  cupp<‘r 
deactivators. 

.MULTIPLE  REGRESSION  A.VA LYSIS 

The  first  step  of  multiple  regri'ssiun  analysts 
IS  to  set  up  the  independent  variables  and  tlu*  de- 
p<-ndent  variable.  The  former  consist  of  two 
elements  : the  chemical  reactivity  indices  and  Um' 
physical  parameters  of  moU>cule, 

In  the  present  study,  the  orbital  data  such  as 
electron  density,  densities  of  frontier  elecirons  tliat 
may  participate  in  radical  reactions^,  and  super- 
delocalizability®  at  the  centi-al  atoms  of  functional 
groups  wore  rcferri-d  to  as  the  chemical  reactivity 
indices  and  were  calculated  by  means  of  the  simple 
llUckel  .Molecular  Orbital  method.  As  the  physical 
parameters  of  molecule,  molecular  weight,  length 
of  molecule,  solution  parameter  and  molar  volume 
were  employed.  TIh-  melting  point  was  also  refer- 
red to  as  an  important  (urameter. 

The  dependent  variable,  on  the  other  liand,  was 
representid  in  this  study  by  the  molar  efficiency 
Em  (days/m. mole/kg  polypropylene)  which  is  a 
measure  of  activity  of  coppi-r-deaetivator,  Em  was 
calculated  from  the  aging  life  determined  at  ISO'C 
with  the  samples  of  copper  mesh- laminate  of  poly- 
propylene contaiiiing  3,000  ppm  copp<-r  deactivator 
and  1,000  ppm  Irganux  lOlO. 

The  statistical  study  lias  been  made  witli  eighty 
su\  compounds.  The  multiple  ivgression  analysis 
was  applied  in  two  ways.  First  of  all,  86  compounds 
were  all  subjected  to  the  analysis.  This  is  designated 
as  Analysis  1.  In  tiie  next  place,  37  compounds  weix* 
picked  out  of  whole  samples  by  a certain  criterion 
to  subject  them  to  the  similar  analysis,  which  we 
designate  as  Analysis  II.  The  compounds  employed 
in  Analysis  II  aie  cliai'actcrizcd  by  the  substituents 
which,  possessing  unsaturations,  can  form  conju- 
gated system  with  tlieir  functional  group.  Diaixiyl- 
hydrazines  are  typical  examples.  The  molecules  of 
this  type-  are  assumed  to  be  more  rigid  tlian  tliose 
having  saturated  alkyl  substituents. 

In  order  that  the  number  of  independent  variables 
in  regression  equation  might  be  minimized,  while 
the  multiple  regression  coefficient  (r)  might  be 
greatest,  the  calculation  was  tarried  out  by  the 
"stepwise  variable  in-out"  method.  In  performing 
calculation,  the  squared  values  of  independent 
variables  and  the  product  of  molecular  weight  and 
melting  point  were  also  used  in  addition  to  the  indi- 
vidual independent  variables.  To  know  the  effect  of 
melting  point,  the  results  obUiined  with  data  of 


melting  point  were  compai-ed  with  those  calculated 
without  reckoning  the  melting  point. 

STKUCTURE-PEKFORMANCE  RELATIONSHIP 

The  results  of  computations  made  by  the  multi- 
ple regression  analysis  are  given  in  Table  1. 

The  multiple  regression  cot'fficients  (r)  lie  between 
0.778  and  0.891.  It  can  be  seen  that  satisfactorily 
large  values  of  r arc  obtained  in  either  Analysis  1 
or  Analysis  II.  On  the  whole,  however,  the  latter 
yields  larger  coefficients  than  the  former.  In  both 
analyses,  the  coefficients  computed  with  a set  of 
variables  including  melting  point  are  larger  than 
those  calculated  with  another  set  of  variables  only 
lacking  melting  point.  Speaking  in  gem>ral.  the 
activ’ity  of  copper-deactivator  can  be  predicted  with 
a higher  precision  when  the  samples  are  confined 
to  the  conjugated  compounds  as  in  the  case  of 
Analysis  II,  compared  with  the  analysis  made  with 
samples  consisting  of  various  species  of  compounds 
like  in  .Analysis  I.  The  use  of  melting  point  as  an 
independent  variable  enliances  the  accuracy  of  pre- 
diction in  either  case. 

The  result  of  .Analysis  I indicates  that  none  of 
chemical  reactivity  indices  employed  accounts  for 
the  activities  of  deactivators.  On  the  contrary,  the 
effects  of  the  physical  parameters  are  clearly  sig- 
nificant. Eq.  (1)  indicates  that  a high  molecular 
weight  is  favorable  to  the  copper-deactivator.  We 
may  find  explanation  of  this  effect  in  a small  diffu- 
sion constant  due  to  a large  molecular  weigirt.  The 
smaller  is  the  diffusion  of  deactivator,  the  longer 
it  stays  in  polymer  matrix  maintaining  its  activity. 
Consi-qucntly , Em  increases. 

It  is  indicated  in  the  equations  that  a high 
melting  point  is  advantageous.  This  also  may  be 
justifiable.  When  the  melt  of  polypropylene  contain- 
ing a deactivator  whose  melting  point  is  higher  than 
that  of  polyprop> lem-  is  allowed  to  cool,  the  deacti- 
vator crj'stallizes  p—.or  to  polypropylene  accelerat- 
ing its  crystallization.  .As  a consequence,  the  cry- 
stallites of  deaetirator  are  strongly  fixed  between 
the  crystalline  domains  of  polypropylene.  On  the 
contrary,  the  deacti\-ator  having  a low  melting  point 
crystallizes  after  crystallization  of  polypropylene. 
As  the  result,  the  crystallites  of  deactivator  are 
concentrated  in  the  amorphous  domains  of  polypro- 
pylene where  the  moleiules  are  readily  movable  and 
can  migrate  out  of  polymer  matrix. 

It  is  rea.sonablc  that  a small  molar  volume 
prefers  to  a larger  molar  volume.  The  compact 
molecules  can  be  more  firmly  fixed  in  a matrix 
than  the  bulkly  molecules.  In  this  meaning,  the 
aromatic  groups  arc  better  than  the  alkyl  groups 
witli  a largo  number  of  carbon  atoms. 

Eq.  (2)  derived  without  making  use  of  the  data 
of  melting  point  indicates  that  Em  decreases  in 
proportion  to  the  squared  value  of  molecular  length. 
In  this  respect  also,  the  lengthy  alkyl  groups  arc 
disadvantageous. 

Analysis  II  also  shows  that  high  molecular 
weight  and  high  melting  point  ai-e  profitable  to  the 
dcactivator.  Of  interest  is  the  effect  of  solution 
parameter  which  shows  in  Eq.  (3)  a positive- signed 
eorrelation  with  Em.  Since  the  solution  parameters 
of  compounds  used  arc  larger  than  that  of  polypro- 


pylene, Eq.  (3)  implies  that  tlie  decrease  in  aulubi- 
Itty  it  favorable  fur  tong  life  tune  of  cupper  deacti- 
vator. 

The  second  point  of  interest  in  Analysis  U 
consists  in  tluit  the  molecular  orbital  data  which 
were  of  no  use  in  Analysis  1 liave  a considerable 
significance.  Tlie  frontier  electron  density  and  the 
superdclocalizability.  wluch  are  the  indices  for 
radical  reactions  should  be  as  small  as  possible. 

It  IS  natural  tliat  tlie  effects  of  orbital  data  could  be 
observed  only  in  Analysis  11,  since  the  simple 
llUckel  Molecular  Orbital  method  employed  in  this 
study  was  originally  set  up  for  conjugated  molecules. 

Pigs.  1 and  2 depict  tlic  plots  of  Eqs.  (I)  and  (31, 
re8pe..tivcly.  The  present  analysts  allowing  quanti- 
tatively that  high  molecular  weight,  high  melting 
point,  low  solubility  and  low  reactivity  to  free 
radicals  arc  favorable  to  eopper-deactlvators  would 
be  a guideline  for  the  search  of  other  new  copper 
deactivators  fur  polyolefins. 

Through  the  screenii^  tests  and  from  other 
points  of  view,  four  compounds,  i.e. . compounds 
5,11,15  and  16  weiv  sorted  out  for  further  evalua 
tiuns  which  will  be  stated  in  tlie  next  section. 

Table  1.  Multiple  Regression  Analysis  on 

Copper- Deactivating  Efficiency  (Eml. 


Analvsis 


Number  of  Use  of  Regression 

Compounds  m.p.  Data  Equation 

86  yes  0.859  <11 

86  no  0.778  (21 

37  yes  0.891  (31 

37  no  0.8.34  (41 


Em  6. 71'tO. 000279(mwKmpl-0.0649(mpl 
-0.0268(mv| 

Em  = -6.69*0.0392(mwl-0.00493(length)2 
-0.0214(mv) 


Em  11.57-0.0361(mw>*0.0169(mpl-0.0258(spl 

-lI.OSfK  (31 

Em  I7.35‘0.216(mw)-185.  lf*^-B0.4Sr  (41 


where 


mw  molecular  weight 

mp  melting  point  (’Cl 

mv  - molar  volume  (cm^/molc) 

sp  = solution  parameter 

- frontier  electron  density  for  radical 
reaction. 

Sr  - superdclocalizability 
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1,  Values  of  Km  Predicted  bv  Kq.  (1)  versus 
Values  Observed  Slwwn  by  the  Output  of 
a Computer. 


Predicted  Value 


Fig.  2.  Values  of  Em  Prcclictrcl  by  Eq(3)  versus 
Values  Observed  Sht)wn  by  the  Output  of 
a Computer. 


Table  2,  C'haraeierietica  of  four  Cumpuuivls 
SeU'cted  for  C'u|>p<‘r*Ueaetivalur«. 


Compound 

5 

11 

15 

16 

Melting 
l\nnt  CO 

267-268 

288-289 

1.; 

O 

• 

e 

271 

App«*ar- 

VVIlite 

White 

Wlute 

Wlute 

anct* 

(xiwder 

IHiwder 

powder 

|M>wder 

H.  U.  C.) 
Tan  / 

Ca.50 

Ca.50 

too 

100 

(X  10®) 

52.5 

45.9 

64.0 

33.0 

IK-gree  of  bludegradutlun  by  activated  aludge. 

Low  density  |>olyethylene  containing  1,000  pfun  of 
eotifaT-deactivaior  and  1,000  (ipm  of  Irganox  1010. 


CHAlLACTEltlSTlfS  UK  COPPEK- IIK.ACTIVATOUS 

The  cliarueteriatica  of  four  selected  compounds 
referred  to  in  tlw  pri'Vious  section  arc  li*li*d  in 
Table  2. 

.All  of  four  compounds  arc  innoxious,  white 
crystalline  powder.  Tliey  are  Itardly  soluble  in 
water  and  the  ordinary  organic  solvents.  l)n  Uk* 
oUier  hand,  thc-y  an*  readily  degraded  by  the*  biologi- 
eal  action  of  activated  sludge,  and  therefon*  then* 
may  be  little  danger  of  envirunmenuil  pollution.  Tlic 
processabilities  of  polymers  are  not  affected  by 
these  deactU'ators.  TIh-  addition  of  tlwse  compounds 
to  polyolefins  to  such  an  extent  as  to  cause  satis- 
factory effect  of  copiH-r  dcactlc'ation  does  not  injun* 
the  electric  properties  of  polymers  to  be*  used  for 
insulation  of  cables. 

The  aging  lives  at  various  temperature  of  copper 
niesh-txilyulefin  laminates  and  polyolefin  insulated 
comliu'iors  ei  ataining  deactivators  are  given  in 
Tables  3,  (a)  and  (b)  which  n*fer  to  polypropylene 
and  high  density  polyethylene,  n*speetively.  In  the 
tables,  the  effects  of  il»*  (xinfxxmd  n»*nno*»*d  abow  arc 
001111X0111  witli  tlxise  of  oonsnercial  ckucUi-aturs  denutol  b>' 
MUA- 1 and  .MDA-2.  Tlu*  values  of  blank  tests  arc 
also  sliown.  All  of  polymers  contain  Irganox  1010 
as  an  antioxidant  in  addition  to  the  copper-dcacti- 
vators.  It  can  lx*  seen  in  the  tabic  tliat  the  aging 
life  differs  according  to  the  form  of  sample,  tempe- 
rature of  testing  and  species  of  polymer. 

Table  3 (a)  indicates  tliat  they  exliiblt  very 
remarkable  effect  upon  lives  of  either  copper  mesh- 
polypropylene  laminates  or  [loly propylene  insulated 
cables.  To  speak  broadly,  the  activities  of  tlic  new 
deacli valors  are  com|Kirable  with  those  of  the  conven- 
tional reagents,  altliough  Compound  11  seems  to  be  tlx* 
most  promising  in  the  fields  of  polypropylene  insula- 
tions. For  polyethylene  insulations,  on  the  other 
liand.  Compound  16  may  lx*  said  to  be  tlic  most 
liopeful  reagent  as  shown  in  Table  ,3  (b). 

As  mentioneil  in  the  previous  paper®,  the 
synergistic  effects  which  eopper-dcaefivators  sliow 
in  the  presence  of  antioxidant  are  important.  The 
exi>erimcnts  were  conducted  by  the  combinations  of 
Irganox  1010  and  copper-dcactivators.  The  sum 
total  of  amounts  of  both  ingredients  was  kept  constant 
at  4,000  ppm,  but  the  ratios  between  them  wore 
changed  as  shown  on  the  abscissa  of  Fig.  3 in  which 
the  ordinate  indicates  the  aging  life  (in  days)  of 
copper  mesh-polypropylene  laminate  at  150°C. 
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Till-  synergistic  effect  ui  tlu*  presence  of 
lri>anux  1010  is  very  remarkable  for  IImmii.  lailie- 
ularly  for  C'omiiounils  5,  11  ami  15,  when  the  l UA/ 
Al)  ratios  aiv  2, 000/.’. 000  atsl  3.000/1,000,  as 
can  be  seen  in  Kig.  3.  l)n  the  other  tiaml,  tiH- 
cooperative  action  is  less  sit{nificant  for  the  con- 
ventional copper- di  ictivators.  Stn«  < .intioxldants 
are  present  in  all  eases  in  addition  to  ■ .<p|>er- 
deactivators.  Uie  syneiijislii  effeet  as  i-l)ser\-ed  is 
of  practical  inipoilanee. 

Table  3.  Kffeets  of  \ anous  t op(>et  ■ Ik  a.  tivators  on 
Aging  Lives  (da\sl  of  l*ol>olefins  Ib-ing  in 
Contact  witli  Meiallte  C opfier. 

a)  Pol\pix)pylene  with  Coppi-i  Ik-ai  livator 
2,000  ppni  aiKl  Ii'ganox  1010  2,000  ppm 


kept  in  contact  with  i ofiper  remains  completely  un- 
affected wIm-ii  It  contains  Com|iound  5 or  15  by  an 
amount  0(^1,000  |)|>m.  .MUA-3  is  also  similarly 
effi’ctiv*'. 

Tin-  result  of  exix-riiiieiits  |R‘rfonned  in  tile 
similar  maiiiii-r  with  pre-aged  samples  of  low  density 
polyetliyleiM-  insulated  cables  is  sliown  in  I'ig.  5. 

i:.\im:iu.mi:ntai..s 


liase  Polvi  .-rs 


The  cliaracteristn  s >■'  .las*-  |>olymer8  used  for 
tlM‘  pre|u ration  of  samples  are  given  in  Table  -I, 

Tile  sample  of  p<*lypro|iylene  employed  was  an 
ethylene- pi-opylene  co|K>lymer  witose  rom|>o8ilion  is 
IRilypixipylene  93  : jjoly  ethylene  7. 


Table  4.  Polyolefin  llase  Polymers. 


Sample 

Form 

Copjie  r 
Mesh 
Laminate 

Cable  . 

\ 

Cable 

B 

Base  Polvmcr  I>P  IIDPK  LDPK 

Temp. 

( C) 

130 

Melt  Index  3.00  0.30  0.25 

150 

130 

130 

130 

150 

lX*nsitv  0,920  0.9*17  0.926 

5 

52 

297 

19 

108 

20 

111 

11 

58 

252 

31 

115 

26 

120 

Laminate  Prepa ration 

15 

55 

265 

28 

106 

23 

96 

16 

36 

308 

20 

89 

19 

88 

The  blending  of  additives  into  the  polyolefins 

■MDA-l 

33 

201 

20 

99 

20 

100 

was  done  by  a Bi-avender  Plastograph  which  was 

MDA-2 

31 

200 

20 

75 

13 

80 

driven  at  60  rpm  at  190“C.  The  copper  mesh- 

Blank 

3 

38 

9 

26 

5 

* 

laminates  of  |xilyolefins  were  prepa ix-d  in  tlio  follow 
mg  manner.  The  copper  mesh,  60  per  inch,  was 

b)  High  Density  Polyethylene  with  Copper  sandw  iclud  in  between  two  (xilyolefin  films  and  sub- 

Ueactiv-ator  1,000  ppm  and  Irganox  1010  jeeted  to  a heat  press  to  form  a laminate  of  1 mm 

1,000  ppm  thickness.  Tlie  temperature  of  pix'ss  was  190^C. 


i 

r 

i 

i 

f 


r 

I 


Sample 

Form 

Copper 

Mesh 

Laminate 

Cable  A 

Cable  B 

Temp. 

CO 

130 

100 

130 

110 

130 

110 

5 

79 

500- 

5 

81 

6 

80 

11 

22 

500  • 

8 

51 

8 

42 

13 

50 

500- 

5 

81 

8 

85 

16 

85 

500  ‘ 

24 

133 

8 

133 

MDA-l 

63 

500* 

9 

57 

8 

92 

MDA-2 

33 

500f 

11 

61 

1 1 

68 

Blank 

5 

56 

3 

16 

3 

5 

♦ Oxalobis  (benzalhydrazid) 

N,  N’-Bis  (^3-{3,5-di-tert-butyl-4-hvdroxy- 
phe ny  1 )-  p ropionyl^  hyd  ra  zinc . 

*4#  Cables  (26AVVG)  were  molded  at  a speed  of 
800  mm/min.  (Cable  A)  and  at  1,000  m/min. 
(Cable  B). 

In  Fig.  4 the  effectiveness  of  copper-deactiva- 
tor is  expressed  in  terms  of  the  induction  periotl  of 
oxygen  absorption  of  polymer  measured  at  160“C. 

The  samples  employed  are  the  low  density  poly- 
ethylene films  which  were  preliminarily  heated  at 
lOCPC  for  various  lengths  of  time  while  being  sand- 
wiched in  between  two  copper  plates.  The  aliscissa 
indicates  the  time  of  pre-aging  and  the  oixiinate  gives 
the  induction  period.  It  can  be  seen  in  the  figure  that 
the  polymer  pre-aged  for  150  days  at  lOO^C  being 


Aging  Test 

The  aging  tests  were  carried  out  with  strips  of 
the  laminates  7 cm  long  and  1 cm  wide.  To  obtain 
the  aging  lives  of  insulated  conductors,  the  Uiermal 
stress  cracking  tests  were  conducted  using  their  pig- 
tail specimens. 

Biological  Degradation  Test 

The  degi-adation  of  the  compounds  by  the  action 
of  activated  sludge  was  tested  at  the  Chemical 
Inspection  and  Testing  Institute  according  to  tJio 
method  described  in  the  regulation  of  the  Govern- 
ment. 

Multiple  Regression  Analysis 

Data  input  and  output  were  done  thi-ough  Dentsu 
Mark  ill  terminal  device  connected  to  the  Slatsyst 
Analysis  System. 
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Induction  Period(min  ) 


Fig.  5.  Cliange  of  Induction  Period  of  Oxygen 
Uptake  (160°C)  by  the  Pre-aged  Low 
Density  Polyethylene  Insulated  Conductor. 


KEFKRENCKS 


Fig.  3.  itging  Life  at  150°C  of  Copper  Mesh- 
Polypropylene  Laminate  Stabilized  by 
Irganox  1010-Copper  Deactivator  System 
in  a Combined  .Amount  of  A.  000  nom. 


Fig.  4.  Change  of  Induction  Period  of  Oxygen  Uptake 
(160°C’)  by  the  Pre-aged  Low  Density  Poly- 
ethylene Film  (1.0  mm). 
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"OR  TKLEroK!';'';.'ICAT:ON’  CABLEi' 


Sl'I.FIPE  TREEINO:  A DII-EK.‘':a 


H.  D.  Cii’Snei' 


AB^’TRACT 

A sulfide  tree  phenonenon  lias  been 
discovered  In  burled  telecommunication 
cable  contalnln,’:  copper  conductors.  Tlie 
sulfide  ftrowth  leadlnr  to  electrical 
breakdown  occurs  in  the  absence  of  an 
applied  voltage  and  depends  on  the  con- 
densation o!’  water  within  the  cable. 
Accordingly,  sulfide  Induced  electrical 
breakdown  In  burled  te  lecor.nun  1 cat  Ion 
cables  can  be  avoided  by  "ne  use  of 
waterproof  cable. 


Int.”Oduct  Ion 

The  copper  sulfiding  cases  at  nr  t ’ be 
rela^'ed  occui'red  at  the  seashore.  t'es  ce! 
because  It  con*  al.is  decaying  organl  ' ma**--r 
and  sulfate-rlch  w-r  er  's  an  1 leal  tu-  eilng 
place  for  sul fate-reduc Ing  and  theref  re 
sulfl  le-produclng  bacteria, 

SO^  + 8e"  • t . 

r^etal  tarnishing  Is  a common  o,- curr.-!. 
wherever  hydr 'gen  sulfl'le  o 'r.es  In  cctrac* 
with  certain  metals  particularly  cllver  art 
copper.  But  by  no  me.ans  Is  metal  .■■ulf.  ilr.g 
restricted  to  the  seashore.  Comi  irat  • ■ i.- 

dlt-lon.-  for  s . 1 fate-reduc  Ing  bnc'erla  a - 
tlvlty  are  as  equally  probable  Ir.  swat.!',  a t 
marshes  and  among  sewage  as  they  are  a*  * tr* 
seashore.  Hydrogen  svilflde  also  evelv  ; tv 
other  pr  icesses  a.*’  an  envl ronneni  a 1 t 
lutant  from  hot  spring  , frcn  e.;i  <-i-\ 
and  from  cheml  c.al  indu.tt  r'.es . I*  Ic  x- 
pected  therefore  that  the  sulfld'tig  pr  1 err 
found  a*  the  3eash.u’-  will  t ip  ; 

other  locales. 


Because  of  the  probability  f.  r sulfide 
generation  along  the  seacoas*  , sull'ldlng 
becomes  a distinct  possllllliy  whenever  a 
copper  containing  object  Is  placed  ulrectly 
In  sea  soil.  K.awawatu,  et  aW  and  later 
Eukuda,  et  al‘^  have  shown  us  that  ceppei- 
conduct or-cotit  a Inl ng  power  and  coitt  rol 
cables  placed  In  sul f Ide-cont alnl ng  water 
atid  soils  arc  sub.'ecl  to  • .-pper  .oulflde 
crowth  through  Insulatl  'ti.  '.'p  j er  sulllde 
findings  In  t elecommunlcat  1 n cat’les  have 
been  reported  to  us  over  the  (vist  several 
years.  All  reports  have  been  fr.'m  > .c*..al 

areas.  In  only  one  Instance  tiowever  oau  a 
clear  uit  c.a.se  of  growth  •hr.  ugh  Ins.;-.*!  i. 
beer,  established.  That  . ne  -ase  s • • i.-re  t 
In  a "wit  ei'- ; igge  1"  'it;’.  o atle, 

wa*er  w is  -oiu:!  iere.)  • I..  -..ii-l*  at.  : t .- 

.ir  gen  .xulfl  le  a ,■  as  la  . ir.  1 Itu.  u [■  't  - 

•Iclpan*.  . The  per.' I s*  ei-..-  , ■.  we-  r,  f 

t roul  le  rep.'!"s  It.  wnlC:  s..fli'.-g  ». 

■cmr.  'n  r'li  :•  Ina*  ' i • • ■ ' . 

tlgatl.r.  . 

As  the  Inve.  1 ■ i I-  e.  1.  i ;■  t.  - 

cat'w  ' J ■ 1 ' ' ! 1*  I '*  i ' ■ - 

corir  .:. I I i.  ■ d . • . r : • 

■ -n.i  i ••  1 ■;  f.  1 t-  - 

fl  :lT;r  ■•*  

raw  w r 1 1-  t ■ .1  ■ ■ 

i I .*■  I ;.g  . ' I • ' 

ga  . "e  I 

• ...  . . • . ■ . ■ . 

i!  p • ■ • ■ : ■ ■■  ■ ' ■ ' 

) ..fr  . . . l'  ■ 

•.  r ■ • • ■ . 

, : o I r.  !l-  • ■ ■ ' 

» “ . * • 

.-•=  W *■  *- 

• 1 • • * 

......  . 


I »'  i . •••  1 f 
! r.  ? w-  w • . 


'll.  1 1 ! . .•  ^ 


Vv'.is  rhf  least  eneoutit  erea  and  re.iuii’ed  lour, 
t-xi'osure  ' reprodnoe . 

Field  dbaei-vat  Ions 

Bvu’Ied  alt’  Cv'fe  eaMec  were  oxamUied  In 
F.'i't  Flet’iv  , Jaeksi  nv ! I le  . arni  Fanana  Flty, 
Floi-Ida,  and  Savan.nah.  deorrla-  Iti  all 
oases  the  oahles  uneanthed  wort'  known  to 
have  det'eotlve  olroults  and  the  oonduotofs 
wer-e  siispeoted  to  he  sulfided.  Flt’teen 
oahles  wefo  examined.  Panama  'Ity  was  the 
oniv  area  In  whl  -h  sulfided  oonduotors  wei-e 
!K't'  found.  ilowever,  ’he  two  oahles  Inves- 
tlftatod  In  the  Fanama  City  area  were  from 
local  lon.s  f 1 ft  v miles  Inland.  Kven  though 
•he  protiah  1 1 1 1 y of  hydro^ten  sulfide  formation 
In  tiils  area  Is  low  these  two  locations  were 
Invest  lyaled  on  the  haslc  of  reports  'f  ap- 
pareht  sulfide  ccrroslor.  products.  The  cor- 
r. ■ de.i  .-ond  ictors  were  In  fact  found  In  ped- 
es'als  a:id  the  -orroslon  proiucts  'were  act- 
ually copper  chi crideo.  The  extent  of  sul- 
fdlntt  and  d!  st  r 1 t'ut  Ion  of  ’ ype  sulf!dln>t 
am.ono  'he  remaining  catles  were  approxima- 
tely the  same.  All  thlrt.-en  cables  had  .some 
dejtree  of  sulfldlnp.  Measllru'  was  ietected 
in  f -ur  cables,  ' wc  from  Fort  Fierce  and  one 
each  from  Jacksonville  and  .tavannah.  Mea- 
■sled  Insulation  was  f und  '.-ily  In  FAF  cables 
all  of  w.hlci;  had  been  placed  after  197.'  and 
within  ten  miles  of  the  coas'  . ftilflue  lor. 
.-.as  absent  In  soli  .sample  from  solected  lo- 
'at  Ions  It;  whl-h  b."  h measllnp,  and  uniform 
siil''idln.'  'Were  encountered . ?ome  comfort 
■wu'  taken  In  li.e  fact  that  sulfate  and 
•hl  rlde  lens  were  f ’Utid  In  these  same  lo- 
ci'!, ns  an.i  were  In  lartlcularly  hlph  con- 
•eti' ;•  o I,.,  I t Imm.edla'e  vl-lnlty  of  riv- 
er.; and  'he  'ear;.  However,  Iti  all  of  these 
1: li-'a*  Ins  we  c.iuld  sft.'W  nothlni.t  more 
•Ian  a p ••■>.'  lal  .f  sul''!.ie  format  l.'h  at 
' he  ■ xp  'S-ure  I ‘ e.'  . 

i'lie  ” ft  ricr-'f  samrles-  were  carefully 

• ximlne.i.  The  dl’cl'c‘rlc  'h'lra'-t  erlst  Ic.; 

* l‘•_•s•  su-pi'  !:■••  r-‘  'rded  In  Tal'le  1 
e,  ! . T!c  i'tckeni  1 u poslt  In  the  Itisula- 

•;  r;.-  f •■■••ti  of  • liese  samples  was  Iden'l- 

1 ly  X-ray  f lui  ■•••ssehce  analysis  and 
X-fiV  dlffractl  n pal'erns  as  a c,'mpcslte 
f •■.pr.  'is  xl  i.-  ar.d  sulfld--.  iTilorldes 
wo-f-  I..'  ; fi’setit  . •■;•  ss-sect  I ons  of  tlie 

rcasl^'i  samples  iFl.t.  1)  revealed  the  same 
t VI  ••■  pper  sulfide  trees  as  those  ri'p'fei 
ly  '.awiwat  ■ , et  al  In  cent  imlnated  .ilpii.al 
■ . "hlf -rmly  .tulflie:  samples  pos- 

s^-.uo- I I its.u  la'  !■ 'f.  res  1st  aiifs  ar.d  i-reakd.wn 
I ' •ntlal  ■••mpirat'le  to  rh'-se  of  freshly 
anufis'ured  samples.  •Ji;i‘'orm  sulfllliu: 

1 i^T;t  ly  Is  t.'d  .llsruptlny  f't  the  dle- 

• ■l^-etrl.'.  The  rieasied  sample-s.  however, 

*••>•••  readily  1 r'ken  d '•wr;  even  un.ier  the 

",  b-rate  .-'Olid  1 1 1 -ns  .f  the  ihsc,.  lat  Ion  re- 
.-.I  taii.’e  tt'St.  'I’he  ■ -nduc' I v!  ‘ y of  the 
s lifld"  trees  .ati'i  the'.r  j as.'-n''-  t h.”ou»’l. 
Insulation  are  sufficient  '•  des' r the 
ro'lecirl-  capability  .'f  the  Insula:!  'it. 

The  d'Ut  le  .I.acbe'ed  c.'il  le  fr'in  Fl-1 
t'Sed  uiil'tu''  'ha  ract  e r 1 ."  1 cs-  In  terms  of 


sulfld-'  rrowth.  I'nllke  Kawawata's  samples, 
till-  'u'er  polyethylene  .lacket  siiowed  no 
slpiis  .’f  sulfide  itrowth.  The  alumir.um 
shield  too  was  unaffected.  However,  on 
removal  of  the  luter  .lacket  and  aluminum 
shield  Mack  o'  s about  a centliiK'ier  In 
diameter  and  ab -ut  .'b  centimeters  apart 
Were  observed  urderly  Itw  th"  Innt  r .'aeket 
(Fit*.  C).  The  areas  seemed  to  arise  from 
within  the  !i- ti.a.v  '.ii'o  wrap  at  the  nylon 
thread  binder.  Kemoval  of  the  Inner  Jacket 
confirmed  that  the  black'-'ed  areas  proip- 
('.ressed  Inward  from  the  Heemay . The  Inner 
.lacket  Itself  was  no  more  lhan  stali.ed. 
I’areful  removal  of  the  it'''may  and  nylon 
t Indir  provided  a most  star' Unit  Jls-svery. 
Tho  i'laekened  areas  actually  had  their 
source  from  underlylhf  Insulated  c nduc- 
• ■ rs  . Measl'd  Insula’ Ion  was  restricted 
'o  these  a"eas.  In  all  sthe."  areas  uni- 
form suli'ldinr  predcmlnated.  Blotching 
ecourro.i  occas  loiially  within  the  whole  and 
irnire  fr-'.juei.'  l.v  III  the  vicinity  ■_  f the 
black  spot s . The  measled  samples  from 
Ja'-ksoiiv ! 1 le  and  Savannah  had  these  .•'ame 
b^a^  spot  s uhd'M'lylnf'  the  Inner  poiy- 
•"hyl"ne  .! aeket.  The  FF-1  cable  was  en- 
I ered  al  a repair  point  from  which  It  was 
Ir.p.'.c  1 r 1 e to  dotormlne  ’whether  this  cable 
siiffer'-d  the  same  t 1 aek  spot  pti-'iiomenon . 
il'wever,  the  evidence  strongly  sut'^ests 
that  t-  lack  spot  I Inc  Is  the  dielectric 
failure  mode  ir.  hydroften  sulfide  attacked 
burled  telecomiiiunica' Ion.'-  cables.  Fi- 
nally, a sample  removed  from  the  Fi-1 
cat  le  had  a uniform  silvery  stain  alont.": 

Its  length.  The  silvery  material  was  rich 
in  copper  sulfide  and  originated  from  a 
■split  In  the  Insulation.  The  shape  and 
I'rowth  pattern  of  the  stain  Indicated 
water  liad  tieen  involved  In  Its  formation, 
fhlori'ies  were  not  detected  In  this  sil- 
very material.  Therefore  any  water  that 
had  entered  this  cable  must  not  be  frouiid 
wat  er . 

In  summary,  the  sulfldliiR  observed  In 
1 uried  eabl-’s  orcurred  in  sul  fate-rich 
c.  lls.  T!k'  trec-llke  black  corrosion 
products  within  the  Insulation  eonsistod 
of  copper  sulfide  and  oxld-?.  The  ab- 
sence of  chlorides  amonp  the  corrosion 
pro. lucts  Indicates  that  yround  water  did 
not  enter  t lie  cables.  Corrosion  products 
•hat  prew  • hroupli  the  Insulation  appeared 
on  tho  surface  as  black  measles  and  were 
elect rlcally  conductive.  The  sulfide 
nensles  were  found  only  In  double  Jacketed 
■■ables  and  formed  In  localised  colonies  al 
t hf  K'"'na.v- Insulat  ed  conductor  bundle  Inter- 
face . Till.;  black  spot  effect  strongly 
sugge.sts  that  the  ecrroslon  of  the  under- 
lying conductors  w.-is  promoted  by  the  for- 
mat Ion  of  eondensed  wiler  colls  through 
whl.'h  the  concent  rat  ion  of  hydrogen  sul- 
fl  ie  •ould  bo  first  Increased  and  then 
maintained  at  a hlgti  level. 
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Laboratory  Obsei'vat  Ions 

Three  separate  sulfKle  ^-rowth  experi- 
ments representative  of  dry,  damp  and  wet 
conditions  were  conducted.  In  all  .'ases 
simulated  cables  (Klft.  3)  containing  con- 
ventional 22  and  26  gauge  Insulated  con- 
ductors were  employed.  AH  cables  were 
exposed  to  hydrogen  sulfide  In  desiccators. 
The  nominal  atmospheres  for  dry  and  damp 
environments  are  listed  In  Table  3.  To 
create  a wet  environment  the  cores  of  each 
cable  under  the  nominal  atmosphere  for  the 
damp  condition  were  doped  with  apprcxlma- 
eiy  two  milliters  of  tap  water.  Only  air 
core  structures  were  studied  under  the  dry 
and  wet  conditions,  whereas  both  air  core 
and  petrolatum  - filled  structures  were 
studied  under  the  damp  condition.  Air 
core  structures  contained  both  low  density 
polyethylene  and  solid  or  cellular  high 
density  polyethylene  Insulations;  petrola- 
tum filled  structures  contained  both  poly- 
pi; pylene  and  cellular  high  density  poly- 
ethylene Insulation.  Each  cable  contained 
ten  conductors,  the  insulations  of  which 
were  colored  In  the  ten  colors  of  the  cable 
color  code. 

Under  dry  ci adit  Ions , after  seven  days 
certain  of  the  low  density  polyethylene 
Insulations  appeared  darkened.  The  orange, 
for  Instance,  appeared  light  brown  and  the 
yellow  a dull  green.  In  I'lfteen  days  the 
red  took  on  a ci-lmson  hue  and  the  white  a 
dull  grey.  fJo  other  changes  occurred  In 
the  low  density  polyethylene  Insulation 
through  the  100  day  course  of  this  experi- 
ment. Similar  color  changes  were  apparent 
for  the  high  density  polyethylene  Insula- 
tion. However,  the  changes  were  much  loss 
pronounced.  Even  after  100  days,  for  In- 
stance, the  orange  did  not  appear  brown  but 
merely  darkened.  More  Important  however, 
the  high  density  polyethylene  insulations 
after  100  days  exposure  were  measled  and 
covered  with  fine  white  needle-llke  crystals 
(Fig.  It)  some  as  much  as  0.6  mm  In  length 
and  20ii  thick.  In  addition  some  of  these 
crystals  appeared  to  originate  from  sulfide 
measles.  The  measles  were  most  common  at 
bends  In  the  Insulated  conductor.  The  white 
crystalline  material  melted  sharply  at 
118°C.  The  scant  quantity  allowed  no  fur- 
ther analysis.  However,  tite  high  density 
polyethylene  Insulation  had  an  unusually 
high  concentration  of  stabilizer  (as  In- 
dicated by  differential  thermal  analysis) 
a constituent  of  which  melts  at  118°C.  It 
appears  that  the  white  crystalline  material 
and  this  stabilizer  are  one  and  the  same. 

Under  damp  conditions.  Insulations  in 
filled  structures  had  no  more  than  mild 
sulfiding  throughout  the  5^  day  course  of 
this  experiment.  Polypropylene  Insulation 
was  particularly  re.sistant  to  sulfide  growth 
even  In  air  core  structures.  The  high  and 


low  density  polyethylene  Insulations  In 
air  core  structures  weiv  unlfoi-mly  sul- 
fided within  the  fli-st  13  days  of  this 
experiment.  Blotching  particularly  In  the 
brown  Insulation  was  apparent  In  20  davs. 
’•’easllnc  wa.s  aub''"ent  ai’ter  SA  days  expo- 
sui-'-.  The  In-ewti  Insulations  pass  through  a 
whitened  and  then  black  stage  as  they  be- 
come measled.  Black  crystals  eventually 
grew  on  the  insulation  surface  (Fig.  5). 
The  whitened  material  Is  organic,  probably 
the  stabilizer  additive,  and  the  black 
crystals  consist  of  cuprous  oxide  srd 
sulfide.  Lead  base  pigments  within  the 
brown  Insulation  may  promote  the  anonolous 
coloration  behaviour.  The  process  under 
wet  conditions  Is  similar  to  that  undei- 
damp  conditions  except  tiiat  measllng  occurs 
much  sooner  and  predominates  along  areas 
of  tlie  Insulation  upon  which  water  had 
condensed  (Fig.  6).  Dielectric  breakdown 
of  pairs  after  55  days  exposure  range  from 
10  to  800  VDC.  Values  tended  to  be  greater 
for  thicker  Insulations  regai-dless  of  poly- 
mer t.vpe. 

The  laboratory  simulation  undei-  high 
concentrat  Ions  of  HpS  sliowed  that  sulfide 
measles  can  Le  produced  under  bot  ii  dry  and 
wet  conditions.  The  measles  were  once 
again  electrically  conductive.  The  rate 
of  measle  growth  Increases  as  tiie  concen- 
tration  of  water  In  the  corrosion  atmo- 
sphere Increases.  Under  wet  conditions 
low  and  high  density  polyethylene  insula- 
tions in  air  core  sl"uctures  are  readily 
attacked.  The  attack  was  particularly 
harsh  en  the  brown  insulation.  All  ir.- 
sniritions  In  filled  structures  and  poly- 
propylene In  an  air  core  structure  did  not 
measle.  The  conductors  underlying  these 
Insulations  were  no  more  than  uniformly 
sulfided.  For  those  cases  In  which 
measllng  did  occur,  localized  spotting 
within  the  confines  of  condensed  water 
droplets  was  common.  Under  dry  conditions 
the  low  density  polyethylene  Insulated 
conductors  underwent  mild  sulfiding.  In 
this  case  the  brown  Insulation  behaved  no 
differently  than  the  other  Insulations. 

In  the  dry  experiment  white  crystals 
formed  on  the  surface  of  the  high  density 
polyethylene  Insulation.  Measles  were 
observed  at  crystal  sites  and  more  fre- 
quently at  bends  In  this  Insulation. 

Conclusions 

Even  though  field  conditions  are  mild 
and  laboratory  conditions  severe,  there  Is 
a striking  similarity  between  certain  re- 
sults from  the  two.  The  three  modes  of 
sulfiding  and  their  effect  on  insulation 
are  the  same  In  both.  Perhaps,  tlie  most 
significant  similarity  Is  the  black  spot 
plienomenon  In  burled  cable  and  the  Inten- 
sification of  measllng  at  condensed  water 
sites  on  the  laboratory  exposed  Insulation 
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under  wet  conditions.  That  similarity  is 
t.he  basis  Tor  our  conclusion  that  the 
measlinR  in  the  cables  examined  Is  re- 
stricted to  liquid  water  sites.  The  ab- 
sence of  chlorides  In  the  corrosion 
products  Indicates  that  the  water  Involved 
In  the  sulfide  corrosion  was  of  such 
purity  that  It  could  have  entered  only  by 
a condensation  process.  For  instance, 
humid  air  entered  the  cable  at  above 
piround  access  points.  As  the  humid  air 
dispersed  through  the  cable, condensation 
occurred  because  of  the  air  temperature 
drop  within  the  burled  cable.  If  this 
rationale  Is  correct,  the  contribution  of 
the  double  Jacketed  cable  becomes  clear. 
That  cable  alone  among  all  the  cables  In- 
vestigated contained  both  a nylon  string 
core  wrap  binder  and  a Keemay  core  wrap. 
Furthermore  the  double  JacKeted  cable  was 
the  only  one  that  contained  black  spot 
measled  conductors.  The  .hydrophilic  nylon 
string  In  this  cable  provides  an  excellent 
nucleation  site  for  condensation.  The 
porous  Reemay  affords  an  aggregating  and 
holding  place  for  the  condensed  water 
droplets.  These  droplets  become  reser- 
voirs and  concentrating  media  for  hydrogen 
sulfide.  That  is  a consequence  of  the 
ability  of  hydrogen  sulfide  to  achieve  a 
relatively  stable  0.5  pei-cent  w/v  con- 
centration in  the  water  at  cable  ambient. 
Once  this  concentration  Is  attained  it 
becomes  independent  of  the  concentration 
of  hydrogen  sulfide  gas  within  the  cable 
core.  Because  of  the  constancy  and  con- 
centration of  these  aqueous  sulfide  cells 
the  sulfiding  of  the  underlying  conductors 
Is  accellerated.  The  process  Is  similar 
to  that  described  by  Kawawata.l  .However, 
because  of  the  structure  of  Kawawata ' s 
cables,  the  sulfide-containing  water  ex- 
ternal to  the  cable  served  as  one  larg.e 
aqueous  sulfide  cell,  h'aturally  aqueous 
sulfide  cells  can  be  formed  in  the  cable 
by  the  entry  of  ground  water.  However,  It 
m.ust  not  be  underemf’hasized  that  something 
as  Innocuous  as  numid  air  can  in  the  pres- 
ence of  hydrogen  sulfide  cause  cable  fail- 
ure . 

The  laboratory  e.xperlments  provided  as 
many  questions  as  answers.  The  rapid 
deter lorat Ion  of  brown  polyethylene  In- 
sulations under  wet  exposure  conditions 
could  have  been  promoted  by  the  lead  con- 
taining molybdate  orange  pigment.  However 
this  pigment  Is  also  found  In  orange  and 
yellow  Insulations  both  of  which  were  nor- 
mal In  their  behaviour.  Except  for  the 
brown  the  change  In  coloration  for  In- 
sulations under  uniform  sulfiding  condi- 
tions Is  probably  due  to  the  underlying 
black  sulfide.  The  exudation  of  organic 
material  and  particularly  the  crystal 
growth  on  high  density  polyethylene  In- 
sulation under  dry  sulfiding  conditions 
probably  occurs  by  a <llsplacement  process. 
The  growth  of  black  crystals  probably 


follows  the  same  mechanism.  If  that  be 
the  case,  however,  the  type  of  displaced 
material  and  Its  concentration  should  play 
an  Important  role  In  the  treeing  phenomenon. 

There  Is  a reasonable  correlation  be- 
tween the  effect  of  hydrogen  sulfide  on  the 
Insulated  conductors  and  the  permeability 
of  hydrogen  sulfide  gas  through  the 
different  insulation  materials  (Table  A). 

The  degree  of  sulfiding  in  a given  time  Is 
greatest  for  the  low  density  polyethylene 
Insulations  and  the  least  for  polypropylene. 
However,  the  reluctance  of  the  poly- 
propylene insulation  to  allcw  more  t.han 
uniform  sulfiding  under  conditions  In 
which  the  polyethy lenes  were  severely 
sulfided  probably  deserves  a further 
e.xplanatlon . The  permeability  differences 
are  not  sufficient  to  suggest  the  pre- 
clusion in  one  and  not  In  the  others.  The 
structural  and  com.posltlonal  complexities 
of  the  polypropylene  certainly  play  a 
role.  However,  a discussion  of  the  nature 
of  that  role  is  beyond  the  scope  of  this 
work . 

The  variety  of  environments  under 
which  hydrogen  sulfide  can  be  formed  to  an 
extent  sufficient  to  disrupt  the  ■ peratlon 
of  burled  cables  Is  still  to  be  established. 
However,  since  It  appears  that  liquid  water 
and  hydrogen  sulfide  are  partners  In  the 
sulf Ide-m.easllni  process  the  elimination  of 
one  or  the  other  from  the  cable  should  be 
sufficient  to  prevent  electrical  problems. 
Since  filled  cables  I’esist  ground-water 
penetration  and  are  improbable  vehicles 
for  water  condensation,  their  use  In  buried 
Installations  should  minimize  the  effects 
?f  hydrogen  sulfide  In  the  future. 
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Table  1:  INS’JI.ATION  RF.SISTANCK  OF  SAMPLES  RECOVERED 
FROM  FORT  PIERCE,  FLORIDA 


Location 

Cable  Age 
(Years ) 

Condll Ion 

Sheat h 

Insulation  Resistance  Range 
at  1000  VDC  (OHMS) 

High  Value 

Low  Va 1 ue 

FP-1 

Measled 

PAP 

10'° 

Breakdown 

FF-2 

Uniformly 

Sulfided 

ALPETH 

10^*^ 

0 

0 

FP-3 

'A 

Measled 

PAP 

Breakdown 

- 

Table  2:  D.C. DIELECTRIC  BREAKDOWN 
FROM  FORT  FIERCE,  FI.oRID 

OF  SAMPLES 

A 

RECOVERED 

Locat Ion 

Cable  Age 
(Years ) 

Condition 

Sheath 

Breakdown 

Potential  (kVDC) 

High  Value 

Low  Value 

Control 

- 

- 

- 

- 

20 

FP-l 

2 

Measled 

PAP 

i| 

11 

FP-2 

15 

Uniformly 

Sulfided 

ALPETH 

- 

20 

FP-3 

A 

Measled 

PAP 

2 

1 

FF-n 

It 

Uni formly 
Sul f Ided 

PAP 

20 

15 

FP-5 

U 

Un  1 formly 
Sulfided 

ALPETH 

- 

20 

Table  3:  NOMINAL  ATMOSPHERIC  COMPO.SITION  FOP  EXPERIMENTAL 
CABLES 


CASEOUS 

COMPONENT 

M,S 

H,0 

Air 


NOMINAL 

CONCENTRATION  (VOLUME  *) 


PRY 

CONDITION 

92 


DAMP 

CONDITION 


90 


<0.2  2 

'7.8  8 


S 
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A 
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Figure  3.  Example  of  simulated  cables 


IIeedle-1  Ike  crystal  growtli  oti 
ati  Insulated  conductor. 
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ORGANIC  COLORANTS  FOR  CCP  CABLE  INSULATION 
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Nippon  Telegraph  and  Telephone  iMblic  Corporation 
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Abstract 

Colorants  containing  cadmium  pigments 
have  been  used  for  coloring  CCP  (Color-Coded 
Polyethylene)  cable  insulation.  Recently,  a 
plan  was  made  to  substitute  less  toxic  organ- 
ic colorants  for  conventional  ones.  In  se- 
lecting suitaole  colorants,  excellent  charac- 
teristics as  colorants  for  CCP  cable  insula- 
tion and  maintenance  of  conventional  color 
tone  were  taken  into  consideration.  The 
most  important  property  needed  for  CCP  cable 
insulation  is  oxidative  stability,  as  this 
cable  is  used  mainly  in  overhead  lines. 
Further  requirements  are  some  resistance 
against  ultraviolet  ray  needed  in  splicing, 
resistance  to  hydrogen  sulfide,  considering 
the  application  to  spa  areas,  and  resistance 
to  petroleum  jelly  and  some  solvents,  when 
used  for  CCP-JF  ( Jelly-Filled ) cable.  The 
effect  of  these  environmental  factors  on  the 
physical  and  chemical  properties  of  polyethy- 
lene insulation  colored  by  organic  colorants, 
and  the  types  of  organic  colorants  which  can 
be  used  under  such  environment  are  described. 

Introduction 

In  Japan,  CCP  cable  is  widely  used  as  a 
distribution  cable.  Insulation  material  for 
CCP  cable  is  low-density  polyethylene  color- 
coded  for  easy  splicing.  Insulation  colors 
are  blue,  yellow,  green,  red,  violet,  brown, 
white  and  black.  The  yellow,  green  and  rod 
insulations  used  to  be  colored  either  by  cad- 
mium pigment  only  or  by  colorants  made  up  of 
cadmium  pigments  and  other  components.  Cad- 
mium pigments  have  excellent  color  clearness, 
dispersion  in  plastic,  fastness  against  light 
and  heat  resistance. 

Recently,  environmental  oollution  by  in- 
dustrial waste  has  caused  public  nuisance  and 
general  demand  has  increased  to  cease  using 
materials  containing  cadmium.  So  now  in 
Japan,  there  is  a tendency  to  substitute  or- 
ganic pigments  with  less  toxicity  for  cadmium 
pigments.  For  this  reason,  a plan  was 
made  to  substitute  less  toxic  organic  color- 
ants for  the  conventional  cadmiiun  ones  which 
had  been  used  for  coloring  CCP  cable  insula- 
tion. This  paper  reports  the  effect  of  col- 
orants on  oxidative  stability,  resistance 
against  ultraviolet  ray  and  other  oroperties 
of  colored  insulations  as  well  as  proposable 
organic  colorants  which  c,an  be  used  for  CCP 
cable  insulation. 

Selection  Principles 

The  chromatic  color  pigments  investi- 
gated are  shown  in  Table  1.  In  selecting 
suitable  pigments,  the  following  conditions 
wore  taken  into  consideration. 

1.  No  heavy  metals  contained. 


2.  Excellent  physical  and  chemical 
properties, 

3.  Good  supply  stability. 

Pigments  to  be  exaiv.ined  are  organic  ones, 
with  the  exception  for  titanium  yellow  as 
shown  in  Table  1 . 

The  colorants  were  composed  of  the  pig- 
ments shown  in  Table  1,  in  addition  to  tita- 
nium white  and  carbon  black.  Colorants  were 
nrepared  so  that  color  tones  would  bo  as  sim- 
ilar to  conventional  ones  as  possible, 
i'roperties  of  the  new  colorants  were  evalu- 
ated in  comparison  with  those  of  conventional 
colorants  of  corresponding  colors. 

Experimental 
Sample  i’reoaration 

Samples  for  this  study  were  made  from 
st.abilised  low-density  polyethylene,  which  is 
used  for  CCi  cable  insulation,  and  new  color- 
ants or  conventional  colorants  in  three  col- 
ors. Samples  were  prepared  in  forms  of  test 
sheets  and  insulated  wires.  Copper  wire  di- 
ameter is  0.4  mm  and  insulation  thickness  is 
0.12  mm. 

Test  Methtj 

Dielectric  i’roperties  Dielectric  con- 
stant and  dissipation  factor  were  measured  by 
benzene  displacement  method  at  23*C  and  at 
I MHz. 

Oxidative  Stability  As  CCP  cable  is 
used  mainly  for  an  overhead  line,  polyethy- 
lene insulated  wires  are  subject  to  rather 
high  temperature.  So,  good  oxidative  sta- 
bility is  necessary  for  insulation  materials. 
Samples  were  prepared  by  wrapping  an  insula- 
ted wire  around  its  own  diameter  with  a 
weight  of  dO  grams  ("pig-tail  test").  Sam- 
ples were  aged  in  a circulating-air  oven  at 
bO'C  for  200,  500  and  1000  hours.  After 
aging,  the  insulated  wires  were  visually  ex- 
amined for  crack  and  discoloration,  and  insu- 
lation densities  were  measured  by  density 
gradient  method. 

Heat  Resistance  Heat  resistance  needed 
in  the  manufacturing  process  was  examined 
with  an  extrusion  plastoraeter . Five  grams 
of  colored  polyethylene  granules  were  charged 
in  a cylinder  of  an  extrusion  olastometer. 
This  test  was  carried  out  at  temperature  of 
265,  200  and  300" C,  and  heating  time  of  5,  15 
and  30  minutes.  After  heating,  an  8.55  ki- 
logram load  was  piut  on  a piston  and  a noodle- 
like extrudate  was  obtained.  Discoloration 
of  the  extrudate  was  visually  examined. 

Resistance  to  Vaseline  CCP-JF  cable  is 
used  as  an  vinderground  cable,  whose  core  is 
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filled  with  a jelly  compound  to  prevent 
moisture  penetration.  Therefore,  there  is  a 
possibility  that  the  colorants  should  migrate 
into  the  jelly  compound.  Vaseline  was  used 
as  a substitute  for  the  jelly  compound  during 
the  experiment.  It  is  a basic  component  of 
the  jelly  compound,  and  its  extraction  power 
is  stronger  and  hcindling  is  easier  than  the 
jelly  compoiuid.  Vaseline  was  put  between 
two  test  sheets,  and  the  assembly  was  heated 
for  72  hours  in  a circulating-air  oven  at 
60*C.  After  heating,  colorant  migration  to 
vaseline  was  visually  examined. 

Resistance  to  Solvents  In  splicing  in- 
sulated CCi’-JP  cable  wires,  jelly  compound 
adhering  to  insulated  wires  is  wiped  off  with 
solvent,  such  as  kerosene.  For  this  reason, 
resistance  to  solvents  was  also  examined. 
Kerosene  and  xylene  were  used  as  typic^U.  test 
solvents.  After  immersion  for  uo  to  50  days 
at  50* C,  solvent  discoloration  was  visually 
examined. 

Resistance  to  Ultraviolet  Ray  Insu- 
lated COP  cable  wires  may  be  exposed  to 
sunlight  during  splicing  or  when  a terminal 
box  cover  is  blown  off  by  strong  wind. 
Therefore,  colorants  must  have  some  resist- 
ance to  ultraviolet  ray.  Samples  in  the 
form  of  test  sheet  and  insulated  wire  were 
used.  Two  types  of  weather  testers  were 
used;  open-flame  sunshine  carbon-arc  weather 
tester  and  enclosed  carbon-arc  weather 
tester.  Maximum  irradiation  time  was  600 
hours.  After  irradiation,  tensile  proper- 
ties and  discoloration  v/ere  measured. 

Resistance  to  Hydrogen  Sulfide  In  spa 
areas,  it  is  a matter  of  great  concern  that 
insulations  may  discolor  by  hydrogen  sulfide. 
So,  resistance  to  hydrogen  sulfide  was  exam- 
ined. Sheet  samples  and  insulated  wire  sam- 
ples were  kept  in  saturated  hydrogen  sulfide 
aqueous  solution  and  hydrogen  sulfide  gas 
whose  maximum  concentration  was  300  ppm. 
Exposure  was  carried  out  for  up  to  600  hours 
at  room  temperatitre.  Then,  sample  discolor- 
ation was  measured. 

Resistance  to  Chemical  Agents  Resist- 
ance to  acid  and  alkali  is  generally  a good 
colorant  selection  criterion.  Sheet  sam- 
ples and  insulated  wire  samples  were  immersed 
in  an  aqueous  solution  of  10  % sulfuric  acid, 
10  ?o  hydrogen  chloride  and  3 % sodium  hydrox- 
ide for  up  to  15  days  at  50*C.  After  immer- 
sion, sample  discoloration  was  measured. 

Results  and  Discussion 
Dielectric  Properties 

The  dielectric  constants  of  all  colored 
samples  were  approximately  equal  to  that  of 
uncolorcd  polyethylene  sample.  The  conven- 
tional red  sample  (colored  by  cadmium  red) 
showed  the  largest  dissipation  factor  value 
among  all  the  samples.  On  the  whole,  the 
sheets  colored  by  new  colorants  exhibited 
satisfactory  dielectric  properties. 

Oxidative  Stability 

An  example  of  density  changes  in  insula- 
tions by  pig-tail  test  is  shown  in  Figure  1. 


The  samples  showed  an  increase  in  density 
upon  heating.  However,  colored  samples 
showed  almost  the  same  increase  in  density  as 
that  of  £in  uncolorcd  one.  The  other  colored 
samples  also  gave  a similar  result  to  that  in 
Figure  1.  tio  discoloration  and  no  crack  as 
signs  of  oxid.atlve  deterioration,  was  observ- 
ed for  any  of  the  samples  after  aging  for  50 
days.  As  a result,  it  was  recognized  that 
oxidative  deterioration  of  polyethylene  insu- 
lation was  not  accelerated  by  conventional 
and  new  colorants. 

ileat  Resistance 

Table  2 shows  an  example  of  heat  resist- 
ance. A colorant  containing  azo  lake  yellow 
discolored  markedly  at  260  and  300*C.  Other 
new  colorants  and  conventional  ones  showed 
good  heat  resistance  under  all  test  condi- 
tions. 

Resistance  to  Vaseline  and  Solvents 

An  example  of  data  is  shown  in  Table  3. 
Colorants  containing  insoluble  azo  ^knd  azo 
laiie  pigments  showed  low  resistance  to  vase- 
line and/or  s Ivcnts.  Other  new  colorants 
and  conventional  ones  had  good  resistance. 

Resistance  to  Ultraviolet  Ray 

Ultraviolet  ray  exposure  caused  samples 
containing  anthraquinone  yellow  to  dete- 
riorate in  tensile  properties  and  to  discolor 
markedly.  Pertinent  data  is  shown  in  Figure 
2.  Other  new  colorants  showed  almost  the 
same  resistance  as  that  of  conventional  ones. 

Two  types  of  weather  testers  were  used 
in  ultraviolet  ray  exposure  tests.  Discol- 
oration and  deterioration  of  tensile  proper- 
ties occurred  in  different  manners  with  these 
weather  testers.  An  example  of  results  of 
ultraviolet  ray  exposure  tests  is  shown  in 
Figure  3.  As  is  evident  from  Figure  3,  dis- 
coloration was  larger  by  enclosed  carbon-arc 
weather  tester  than  by  open-flame  sunshine 
carbon-arc  weather  tester.  On  the  contrary, 
deterioration  in  tensile  elongation  proved  to 
be  larger  by  the  latter.  In  some  cases,  ap- 
pearance of  Scimple  surfaces  irradiated  by  the 
weather  testers  was  different  for  each  type 
of  weather  tester.  For  example,  fine  cracks 
were  generated  on  the  surface  of  yellow  teat 
sheet  colored  by  anthraquinone  yellow,  tita- 
nium yellow  and  tit£inium  white,  after  expo- 
sure of  600  hours  by  open-flame  sunshine 
carbon-arc  weather  tester.  By  the  other 
tester,  such  phenomenon  was  not  recognized. 

It  is  assumed  that  the  difference  in  the  test 
results  originates  from  the  difference  in 
ultraviolet  ray  spectrum  of  these  weather 
testers.  Polyethylene  is  said  to  be  moat 
sensitive  to  radiation  at  300  nm  wavelength 
and  virtually  unaffected  by  wavelength  above 
340  nmj  In  addition,  open-flame  sunshine 
carbon-arc  weather  tester  radiation  between 
300  and  340  nm  is  known  to  be  more  intense 
than  that  of  an  enclosed  carbon-arc  weather 
tester.  Samples  which  showed  good  resist- 
ance to  ultraviolet  ray  in  a form  of  test 
sheet  provided  relatively  good  results  also 
in  a form  of  insulated  wire.  In  case  of  in- 
sulated wires,  evaluation  among  samples  was 
possible  within  shorter  irradiation  time  than 
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ill  case  oT  teat  aiipots 


oui:ii:uirv 


Kosiataiico  to  llvdroiten  Sali'ide 

Dy  saturated  hydropen  suli'ide  aqueous 
solution,  colorants  containinr  anthraquinono 
yellow  or  poly-Ci-Br-L’u-nhthaiocyanine  dis- 
colored to  sone  extent.  But,  all  colorants 
scarcely  disooiored  when  exposed  to  hydropen 
sull’ide  ftas  at  a iia-x.  u:".  concentration  of  300 
ppn.  The  data  of  test  sheets  xs  shown  in 
t'ifTure  4.  However,  yellow  saiaolcs  m the 
fort;  of  insulated  wire  showed  an  apparent 
discoloration  because  of  their  low  hiding; 
power  arainst  copper  conductors  blackened  by 
hydroron  sulfide  fias  penetratinp  tlirourh  the 
insulation. 

Kesistance  to  Chcirdcal  Arents 

Discoloration  occurred  only  by  10  ,a  hy- 
dropen chloride  on  conventional  yellow  and 
preen  colorants  containinp  cadniun  yellow. 

The  data  is  shown  in  Firure  5.  All  col- 
orants scarcely  discolored  in  aqueous  solu- 
tion of  10  'a  sulfuric  acid  and  3 fo  sodiuit 
hydroxide . 

I’iraent  Combination  Effect 

i.ost  colorants  investigated  were  pre- 
pared by  cor.binatior.o  of  several  chrot;atic 
piptnents.  The  reason  is  that  the  combi- 
nation enables  easier  preparation  of  col- 
orants at  desired  color  tones.  An  example 
of  combination  effect  of  piements  is  de- 
scribed as  follows.  Fipurc  6 shows  the  var- 
iation of  hue  and  chroma  of  yellow  and  red 
sheets  made  by  a combination  of  two  kinds  of 
piqments  in  Kunsell  hue  circle.  As  shown  in 
this  fijTure,  hue  and  chroma  of  colorants  con- 
taining: two  chromatic  pi/pnents  vary  widely 
with  content  ratio  of  two  kinds  of  pipnents. 
Results  of  ultraviolet  ray  exposure  tests  are 
shown  in  Fipure  7.  Condensed  azo  yellow  (A) 
, as  a component  of  the  yellow  colorant,  had 
pood  resistance  to  deterioration  in  tensile 
properties  and  discoloration  after  ultravio- 
let ray  exposure  in  comparison  with  condensed 
azo  yellow  (B)  as  another  component.  Dis- 
coloration arid  deterioration  of  elongation 
changed  almost  linearly  with  content  ratio 
of  two  kinds  of  pigments. 

Selection  of  Colornnts 
for  CCR  Cable  Insulation 

Properties  obtained  on  new  colorants 
were  evaluated  in  comparison  with  those  of 
corresponding  conventional  colorants.  Col- 
orants suitable  for  CCP  cable  insulation  were 
selected  as  follows. 

Yellow:  colorant  containing  condensed  azo 
yellow  and/or  isoindolinone  yellow 


It  was  planned  to  substitute  less  toxic 
organic  colorants  for  conventional  cadmium 
ones  which  had  been  used  for  CCP  cable  insu- 
lation. In  selecting  suitable  colorants, 
maintenance  of  the  conventional  color  tones 
and  excellent  characteristics  as  colorants 
for  the  insulation  wore  taken  into  considera 
tion.  As  a result  of  investigation,  yellow 
green  and  red  colorants,  which  contain  sever 
al  condensed  azo  and  polycyclic  pigments, 
wore  selected. 
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Green;  colorant  containing  phthalocyanine 
green,  and  condensed  azo  yellow 
and/or  isoindolinone  yellow 

Red:  colorant  containing  condensed  azo  red 
and/or  quinacridone  red  and/or 
perylene  red 


104 


Hiroshi  Ohshinia 
I-iusashino  Electrical 
Corjaunication  Labora- 
tory, NTT 

Musashino-shi,  Tokyo, 
lEO  Japan 


Mr.  H.  Ohshima  is  Staff  Engineer,  Engineering 
Division,  Kusashino  Electrical  Communication 
Laboratory,  NTT,  and  is  presently  engaged  in 
the  developement  and  application  of  plastics 
for  cable  and  wire.  He  once  worked  on  cel- 
lular polyethylene  insulation.  He  received 
his  Master  of  Science  degree  from  Hokkaido 
University  in  1965  and  is  a member  of 
the  Society  of  Polymer  Science,  Japan. 


Senkichi  Kawakubo 
Musashino  Electrical 
Communication  Labora- 
tory, NTT 

Musashino-shi,  Tokyo, 
ItiO  Japan 


^lr.  S.  Kawakubo  is  Staff  Engineer, 

Engineering  Division,  Musashino  Electrical 
Communication  Laboratory,  NTT. 

Since  joining  ECL,  he  has  been  engaged  mainly 
in  the  developement  and  application  of  plas- 
tics for  cable  facilities.  He  is  a member 
of  the  Institute  of  Electrical  Engineers, 
Japain. 


r 


o 

I— ' 

o 

s 

X 

Tii 

a 

1— 

3 

g 

o 

O 

73 

U 

4-» 

CO 

(U 

g 

”- 

P . 

rc  ri; 

s o 

o o 

4 

o 

N 

rH 

■ 

S3 

0 T^f^ 

X 

0 

\ / 

CM 

CM 

“P 

X JL 

0 — 

to 

0 

0 

rH  3'3 

4 

X 

0 

< 

0^^  cy 

1 1 
0-  S3 

/ ^ 

0-  X 

-H  1 1 

'Gr." 

^ 0 

CM 

rH  rH  N U 

0 

^ V b* 

' '-' 

^ 0^0 

3“"  0 

rH  X 

0 rH  0 

J 

x“0  rc-:3 

C5 

1 

>*N 

0 

CM 

X 

CO 

CM 

0 

--H 

*r 

CM 

0 

E4 

Expected  Color  1 

Fastness  | 

' ^ 1 

o 

rt 

o 

0 

1 

0 

0 

® 

® 

® 

0 

® 

® 

® 

@ 

i'< 

o 

o 

1 

0 

® 

@ 

® 

@ 

® 

® 

® 

® 

® 

-p 

a 

o 

B 

B 

<1 

<1 

® 

® 

0 

0 

® 

® 

® 

® 

® 

p 

t: 

•H 

B 

B 

0 

0 

® 

® 

® 

® 

® 

® 

® 

® 

Pigcent 

tH 

> 

O 

rH 

rH 

0) 

S 

O 

N 

rt 

o 

o 

X. 

> 

0 

rH 

rH 

(I> 

>> 

0 

a 

CO 

•H 

P 

S 

0 

rH 

rH 

0) 

<D 

rH 

0 

<< 

CNJ 

'O 

0) 

0 

13 

rH 

0 

N 

< 

T3 

0 

U 

0 

ti 

c3 

X 

<D 

CO 

0) 

'O 

(3 

0 

0 

Phthalocyeinine  green 
(4) 

(D 

c 

•H 

s 

1 >> 
73  0 
0 0 

1 rH 

u cd 
X ^ 

1 p 
rH  X 

0 •'3, 

1 

>v 

rH 

0 

ru 

r— ' 

ir\ 

0 0 
C3  rH 
0 rH 

C <D 

-H  >, 

0* 

d 

jS 

p 

5 

Isoindolinone 

1 yellow  (6) 

TJ 

0 

u 

<D 

c: 

0 

X 

•H 

H 

0 

Ctf 

(3 

•H 

73 

CO 

x 

0) 

ID 

73 

<D 

rH 

u 

(D 

X 

CT 

? 

0 

rH 

rH 

0 

>> 

•(-4 

P 

•rH 

e-* 

Color 

> 

o 

iH 

rH 

0) 

> 

0 

rH 

rH 

0 

>- 

0) 

cc 

rH 

a- 

X 

0) 

X 



<u 

a; 

c 

5 

0 

rH 

rH 

0 

>- 

*0 

a> 

X 

0 

rH 

rH 

0) 

>4 

Classi- 

fication 

o 

1 (4 

rH  a> 

O H 

03  4:3 

C 

M 

a> 

rH 

0 

N 

< 

XJ 

0 

CO  0 

C N 

0 ctf 

Ti 

c: 

0 

0 

0 

•H 

rH 

0 

>> 

0 

>> 

rH 

0 

X 

0 

•H 

t 

^4 

0 

C 

M 

u 

o 

o 

< 


TJ 

o 

o 

o 

O 


4-> 

c 

o 


a> 

o 

X 

rx3 


106 


Table  ?.  Heat  Kooialance 
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ColoranT^:^' 
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Azo  lake  yellow  and 
Titanium  yellow 
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X 

X 
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Dis  azo  •el low, 

Mono  azo  yellow  ana 
Tit:uuui!i  white 

O 

@ 

o 

A 

Anthranui none  yellow  and 
Titanium  white 

@ 

@ 

o 

o 

Jondensed  azo  yellow  and 
titanium  white 

© 

© 

o 

® iJo  peroentible  discoloration, 

O 31if:ht  discoloration, 

A Distinct  but  not  stronp:  discoloration, 
X intense  discoloration. 


Table  3.  Kesistance  to  Vaseline  and  Solvents 
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Firurc  2.  Test  sheet  elonration  and  dis.'.-.l- 
oration  after  ultravioiet  ray  exposure 
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SUlWARY 

Dielectric  properties  of  polypropylene  and 
ethylene  - propylene  oopolymers  have  been 
measured  at  frequencies  up  to  60  MHz.  Poly- 
propylene shews  decrecising  dielectric  loss 
between  0.1  and  60  MHz  and  loss  factors  of 
less  than  50  . 10"‘  have  been  obtained  at 
60  MHz  with  an  extremely  pure,  stabilized 
poli’propylene  hcropolymer. 

The  influence  of  atactic  polypr<^3ylene 
content  and  additives  has  been  investigated. 

The  level  of  catalyst  residues  turned  out  to 
be  a nain  factor  with  high  chloride  and  titanium 
content,  bringing  up  dielectric  loss  to  more 
than  100  . 10"®.  Lew  cooling  rate  results 
generally  in  higher  cristal Unity  and  lower 
loss  factor. 

Ethylene  - propylene  block  copolymers  shew 
significantly  higher  losses  than  hemopolymers, 
whilst  ethylene  - propylene  randem  copolymeis 
have  loss  factors  only  slightly  higher  than 
corresponding  polypropylene  homopolymcrs . 

Both  polypropylene  hero-  and  copolymers 
are  even  less  subject  to  ageing  in  saline  water 
solution  and  direct  voltage  field  than  lew 
density  polyethylene. 

Prcfclems  occuring  with  polypropylene  during 
extrusion  of  thick  insulation,  especially  void 
forming  tendenrry,  are  discussed  and  solutions 
using  ethylene  - propylene  randan  copolymers  and 
modified  extrusion  techniques  are  suggested. 

INTRODUCTION 

During  recent  years,  the  tendency  in  sub- 
narine  cable  system  development  has  been  towards 
higher  transmission  capacity.  Therefore,  higher 
frequencies  will  be  ne^ed  than  those  actually 
erployed,  e.g.  30  MHz,  eis  in  the  last  trans- 
atlantic cable  TAT  6,  which  has  been  installed 
recently,  adding  another  4000  simultaneous  lines 
to  the  existing  capacity. 


These  Bystfms  corprise,  besides  the  cable, 
electronic  repeaters  at  a constant  distance  of 
about  10  nautical  miles.  The  repeaters  anplify 
the  signal  and  thus  caipensate  the  attenuation 
due  basically  to  the  dielectric  losses  of  the 
cable  insulation.  For  econonic  reasons  it  is 
desirable  to  have  minimum  losses  in  the  cable 
insulation,  in  order  to  reduce  the  necessary 
nunfcer  of  repeaters. 

Considerable  work  done  by  a limited  number 
of  insulation  resin  producers,  in  cooperation  with 
cable  manufacturers,  lead  to  low  density  pbly- 
ethylene  grades,  with  dielectric  loss  factors  of 
about  50  . 10"®  at  30  MHz.  However,  at  higher 
frequencies  all  low  density  polyethylene  resins 
shew  higher  losses. 

In  order  to  be  prepared  for  a new  generation 
of  sulmarine  cables  working  at  frequencies  of 
60  MHz  or  higher,  dielectric  properties  of  poly- 
propylene and  ethylene  - propiylene  copolymers 
have  been  investigated. 

MEASURimn’  OF  DIELECTRIC  lOSSES 
Measuring  device 

The  measuring  device  used  was  a Q-meter 
specially  adapted  to  measurements  on  materials 
with  dielectric  losses  of  less  than  50  . 10"®  at 
60  MHz.  The  precision  is  about  2 . 10"®  at  30  and 
60  MHz. 

The  key  points  of  its  excellent  performances 

are  : 

- the  incorporation  of  a high  frequency  anplifyer 
in  the  measuring  head,  which  means  that  correc- 
tions for  parasite  effects  at  the  connections 
were  not  necessary. 

- the  replacement  of  the  tuning  condensers  by 
"Varicap"  diodes  which  have  variable  capacity 
as  a function  of  the  inverse  polarisation 
voltage  applied. 

- the  preparation  of  a high  quality  60  MHz  self 
inducticn  coil  with  fine  silver  wires. 
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Sanyile  preparation 


REIATICMSHIP  EEIWEEM  POLYPRDPYLEME  STBUCTORE 
AND  DIELECTRIC  LOSS 


The  sanples  were  ocrpression  molded  discs 
of  50  mn  diameter  and  1.2  itm  thickness.  Molding 
terperature  was  180°  C,  nolding  pressure  ISOkg/cm^z 
pressure  holding  time  1 minute  (in  the  case  of 
samples  without  antioxidants  : 170°  C,  25  seconds). 
If  not  indicated,  samples  were  cooled  under  pressure 
to  room  temperature  at  a cooling  rate  of  30°  C/min. 

Each  value  indicated  in  this  paper  is  an 
average  of  5 measuranents  on  samples,  after  a 
minimum  of  48  hours  in  standard  conditions  (23°  C, 
40%  R.H.) . 

RELATIONSHIP  HEIWEEN  FREQUENCY 
AND  DIELECTRIC  DOSS 

Polyolefins  are  essentially  non-polar 
polymers  and  for  this  reason  shew  relatively  lew 
dielectric  losses.  However,  generally  3 relaxation 
peaks  (a,  B,  y)  are  found  depending  on  frequency 
and  temperature . 

Whilst  low  density  polyethylene  losses 
increase  with  frequency  in  the  1 to  60  MHz  range 
(fig.  1),  polypropylene  shews  sharply  decreasing 
losses.  This  may  be  attributed  to  a shift  of  the 
B-absorption  peak  towards  the  lower  frequencies 
and  to  the  absence  of  a y-peak  (1) . Our  measure- 
ments with  polyprcpylene  honopolymers  shew  that 
loss  factors  below  50  . 10“®  are  possible  with 
very’  pure  stabilized  polypropylene  at  60  MHz. 


Fig.  1 : Dielectric  loss  as  a function  of  frequency 
for  PP  (LACOTENE  P cccnnercial  grade  for 
electrical  applications)  and  IDPE 
(LACQTENE  sukiiarine  cable  grade) 


Influence  of  Cristallinlty 

As  propylene  is  a semd-cristalline  polymer, 
its  end  use  properties  are  influencred  by  the 
total  amount  of  cristallinlty  and  the  spherulite 
size.  Both  are  a function  of  cooling  conditions 
during  sample  preparation. 

DSC-data  shew  that  slew  sample  cooling 
conditions  lead  to  more  cnristalline  samples  and 
therefore  lower  dielectric  loss  (table  1) . 

It  has  generally  been  admitted  that  poly- 
propylene continues  to  change  its  cristalllne 
structure,  even  several  days  after  an  extrusion 
or  molding  step.  We  therefore  thought  that 
dielectric  loss  could  ciiange  as  a function  of 
time,  after  cxnpression  molding  the  test  samples. 
However,  for  polypropylene  hcmopolymer , as  for 
lew  density  polyethylene,  we  found  no  significant 
change  of  the  Icjss  angle  on  samples  measured 
immediately  after  compression  molding  or  after 
cm  to  3 weeks  storage  under  standard  cxaiditicms . 
(fig.  2). 


time  (clays) 


Fig.  2 : Influence  of  time  between  sample 
preparation  and  meascuements  on 
dielectric  loss  for  PP  and  a submarine 
cable  grade  LDPE. 

We  suppose  that  the  samples  cooled  after 
compression  molding,  at  a cooling  rate  of  30°C/ 
min. , whic*  is  relatively  slew,  iiad  already  a 
highly  cristalline  structure  immediately  eifter 
sample  preparation.  Quicker  cooling  sbiould  result 
in  less  cristalline  samples  immediately  after 
molding,  and  might  therefore  show  increasing 
cristallinity  during  storage,  thus  giving 
deenreasing  dielectric  losses  as  a function  of 
time. 
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Dielectric  loss 


Dielectric  loss  x 10 


I 

j E/P  block  ccpolymer 
; (4.8%  E) 


I E/P  randan  copolymer 
; (1.2%  E) 


at  30  MHz 


at  60  MHz 


! 

1 

1 

1 


;30°  C/mini  1°  C/min 


30°  C/min}  1°  C/hdrj 


53 

! 

50 

1 

49 

i '•I  ; 

96 

1 

\ 

1 

82 

1 

i 

1 

92 

1 1 

i 86 

1 

1 

1 62 

1 

f 

1 

52 

1 

! 

1 

60 

1 

1 51 

1 

Table  1.  : Dielectric  loss  for  PP  and  E/P  copolymers  for  different 
cooling  rates  at  30  and  60  MHz. 


Influence  of  Atactic  Polypropylene  Content 

Ccnmercially  available  polypropylene 
contains  generally  between  92  and  98%  of  highly 
cristalline,  stereoregular  isotactic  poly- 
propylene and  2 to  8%  of  amorphous,  waxy  atactic 
polypropylene  (APP) . The  amount  of  APP  depends 
on  the  catalyst  and  the  deashing  system  used 
during  polymerisation  and  purification  of  poly- 
propylene. First  results  on  polypropylene  with 
relatively  hi^  ash  content  indicate  a consi- 
derable decrease  of  dielectric  losses  with 
increasing  Isotacticity  (fig.  3) , due  to  the 
Icwer  portion  of  amorphous  atactic  polypropylene. 


Isotacticity  Index  H.I.  (%) 


Influence  of  Catalyst  Residues 

Polypropylene  and  ethylene  - propylene 
copolymers  are  c±)tained  in  a polymerisation 
process  where  the  moncmers  are  activated  by  a 
catalyst,  generally  titanium-tri-chloride  (TiCls) 
and  a catalyst,  di-ethyl-aluminium  chloride 
(DEAC) . For  this  reason,  all  polypropylene 
resins  contain  traces  of  titanium,  aluminium 
and  chlorides  in  various  forms,  in  spite  of  a 
more  or  less  efficient  deashing  operation. 

Especially  high  chloride  and  titaniar.  levels 
give  a dramatic  increase  of  dielectric  losses 
(fig.  4) . It  can  be  seen  that  only  very  pure 
polypropylenes  show  decreasing  losses  with 
frequency  going  frcm  30  to  60  MHz. 

It  is  obvious  that  only  polipropylene  resins, 
produced  by  a process  giving  extremely  low  cata- 
lyst residues,  will  yield  low  dielectric  losses. 


Fig.  3 : Influence  of  isotacticity  index  Chloride  t Titanivm  level  (ppn) 

(heptane  insolubles)  on  dielectric 
loss  for  PP. 

Fig.  4 : Dielectric  loss  as  a functicn  of 

residual  chloride  and  titanium  level 
in  PP. 
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Influence  of  Additives 

Because  of  the  presence  of  the  methyl  groups 
in  the  polypropylene  polymer  chain,  polypiopylene 
is  relatively  sensitive  to  degradation  under  the 
influence  of  heat,  light,  o^q^gen  and  mechanical 
stress.  High  catalyst  residue  level  is  an  addi- 
tional reason  for  degradation. 

Therefore,  all  camercial  polypropylene 
resins  are  stabilized  by  radical  scavengers 
(generally  hindered  phenols)  and  eventually 
also  by  p)eroxide  decoiposers.  In  addition, 
contact  of  polypropylene  with  certain  metals, 
such  as  copper,  accelerates  the  degradation 
process,  if  it  is  not  inhibited  by  metal  de- 
activators . 

Another  additive  ocrmonly  found  in  pjoly- 
piropylene  is  calcium  stearate.  It  is  generally 
used  for  its  ability  to  neutralise  chlorides, 
which  in  the  form  of  hydrochloric  acid  could 
cause  corrosion  problems  on  extrusicn  tools. 

We  have  investigated  the  influence  of  these 
additives  on  the  dielectric  loss  of  polypropylene 
honopolymers . Previous  e:g)erience  with  poly- 
ethylene had  shewn  (2)  that  one  of  the  aiati- 
oxidants  with  very  few  effect  on  electrical 
OTOperties  was  1 , 3 , 5-tr iinethyl-2 , 4 , 6-tris 
[3 , 5 - di  - tert  - butyl  - 4 - hydroxihenzyl] 
benzene  = ICNOX  330.  -I 

Table  2 shews  that  it  causes  a slight 
increase  of  dielectric  losses  at  a 0.1%  level. 


Figure  5 shews  that  the  first  metzil  de- 
activator tends  to  give  a lower  increase  of 
about  4 . 10”‘  at  a medium  concentration  level 
(0.2%),  vdiilst  at  0.5%  level  the  increase  is 
the  same  for  both  additives. 


Fig.  5 : Influence  of  metal  deactivators 
IRGANOX  M3  1024  and  VP  OSP  1 on 
dielectric  loss  of  PP,  MFI  3,  with  0.1% 
ICNOX  330  and  0.01%  of  calcium  stearate. 


Antioxidant 


Dielectric  loss  x 10  ‘ 


; at  30  MHz 

; at  60  MHz  J 

! ° 

1 

; 41 

i 40  1 

j 0.1 

1 

t 

; 52 

j 

1 J 

! ! 

Table  2 : Influence  of  antioxidant  (lONOX  330) 

on  dielectric  loss  of  PP,  NFI  3, 
Calcium  stearate  concentration  was 
0.01%. 


T\ro  ocrinercicLlly  available  metal  deactivators 
have  been  used  : 


- Bis  (3,5  ditert “butyl- 4-hydroxy-p)henyl 

hydrazine  paropionic  ) = IPGANOX  M3  1024. 

- Tris  [2-tert.  butyl-4-thio  (2'  methyl-  , 
4'  hydroxy-5'  tert -butyl)  pheny  1-5-methyl 
pahenylpihospshite  = VP  OSP  1. 


High  calcium  stearate  content  causes 
considerable  increase  of  dielectric  loss.  It  is 
therefore  inportant  to  limit  the  level  of  this 
additive,  and  ccmsequently  use  only  low  chloride 
level,  highly  purified  polypropylene  for  appli- 
catiais  where  very  low  dielectric  loss  is 
required. 

Influence  of  Thermal  and  Mechanical  Degradaticm 

As  discussed  in  the  previous  chapater,  poly- 
propylene can  be  degraded  under  the  influence 
of  heat  and  shear  stress  during  an  extrusion 
step.  A medium  stabilized,  low  catalyst  residue 
polypropylene  hdiopolymer  was  exposed  to  sub- 
sequent multiple  extrusions  at  200®  C,  in  a 
laboratory  Buss-Cokneader  vdvlch  develop®  a high 
shear  action. 

Figure  6 shows  that  a mailced  increase  of 
dielectric  loss  is  only  observed  from  the  third 
and  subsequent  extrusion  steps  at  60  Mlz,  whilst 
the  increase  at  30  MHz  is  low,  even  cifter  five 
extrusions. 
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Dielectric  loss  x 10 


r 


resin 

Nuntier  of  extrusion  steps 


Fig.  6 : Influence  of  subsequent  multiple 

extrusion  steps  on  dielectric  loss  of 
PP,  MFI  of  base  resin  2.1,  antioxidant 
lONOX  330  0.1%,  calcium  stearate  0.01%. 


Fig.  7 : Influence  of  3 hours  or  3 days  steam 
exposure  on  dielectric  loss  of  PP, 

MFI  3,  containing  0.1%  of  antioxidant 
lONOX  330  and  0.01%  of  calcium  stearate. 


At  the  same  time,  we  measured  a slight  melt 
flow  increase  fron  2.1  for  the  base  resin  to 
2.3,  after  five  subsequent  extrusicn  steps.  This 
is  a sijiple  way  of  controlling  molecular  wei^t 
decrease  by  degradation.  On  the  other  hand,  no 
significant  evolution  of  the  carbonyl  group 
absorption  peak  in  infrared  spectroscopy  could 
be  found. 

We  can  conclude  that  intensive  mixing  during 
extrusion  essentially  causes  chain  scission,  thus 
giving  only  a slight  increase  of  dielectric  lossas. 

Influence  of  Water  Uptake 

Intensive  work  has  been  done  already  on  the 
conditions  of  water  intake  of  low  density  poly^ 
ethylene  and  its  influence  on  dielectric  pro- 
perties (2) , (3) . It  has  been  shewn  that  un- 
ejqsectedly  high  cable  attenuations  can  result 
fron  water  entrapment  during  the  cable  manufac- 
turing process.  Thus,  more  water  than  normally 
soluble  in  cold  low  density  polyethylene  was 
found  in  sanples  contiiining  very  small  cavities 
created  during  the  cooling  step  of  the  molten 
polymer. 

Figure  7 shows,  as  a function  of  time,  the 
dielectric  loss  for  samples  exposed  initially 
either  3 hours  or  3 days  to  steam  at  100°  C and 
subsequently  kept  in  both  cases  at  23°  C and  40% 
relative  humidity,  before  the  first  measurement. 

It  appears  that  steam  exposure  of  the  1.2  urn 
thick  test  sanples  lead  to  about  10  times  higher 
dielectric  loss,  imriediately  after  exposure,  than 
found  on  untreated  samples.  This  increase  was  in 
the  same  order  of  magnitude  after  3 hours  and  3 
days  steam  exposure.  For  the  sanples  exposed  only 
3 hours,  dielectric  loss  falls  quickly  to  a level 
of  less  than  50  . 10*®,  as  usual  with  lew  catalyst 
residue  polypropylenes. 


However,  sanples  submitted  to  long  steam 
exposure  during  3 days,  remained  at  dielectric 
loss  levels  of  about  80  . 10”®  after  one  week. 
Even  after  additioijal  vacuum  oven  drying  during 
16  hours  at  70°  C and  10”*  Torr,  dielectric 
losses  remained  still_relatively  high  (81  . 10  ® 
at  30  MHz  and  76  . lO”®  at  60  fSiz  corpared  to 
83  and  78  respectively  without  additional  vacuum 
oven  drying) . 

We  did  not  measure  the  water  content  of  the 
steam  treated  sanples.  Nevertheless,  we  assume 
that  the  very  long  steam  treatment  nught  have 
caused  void  formation  due  to  the  water  being  no 
longer  soluble  in  the  polymer  during  sample 
cooling.  We  do  not  believe  that  oxidation  can 
have  caused  the  high  remaining  dielectric  losses. 
If  the  hypothesis  of  void  formation  by  non  - 
soluble  water  is  right,  DSC-measurements  should 
show  a transition  at  0°  C,  corresponding  to  the 
heat  of  fusion  of  ice  in  the  voids.  More  exten- 
sive work  is  still  necessary  in  this  field. 

Influence  of  Ethylene  Content  in  Ethylene  - 
Polypropylene  Block  Copolymers 

Copolimrerisation  of  ethylene  and  propylene 
is  very  widely  used,  especially  for  improving 
low  tanperature  impact  performance  of  poly- 
propylene. The  so-called  block  copolymers  contain 
not  only  blocks  of  polypropylene  hetnopolymer 
and  high  density  polyethylene,  but  also  portions 
having  the  structure  of  ethylene  - propylene 
rubber.  These  three  different  types  of  polymer 
can  be  found  on  the  same  molecular  chain,  but 
also  very  often  side  by  side  on  different  chains 
in  a very  hemogeneous  mixture,  as  these  blends 
form  in  situ  during  the  polymerisation  stage. 
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at  30  MHz 


Total  Ethylene  Content  (%) 

Fig.  8 : Dielectric  loss  as  a function  of  total 

ethylene  content  in  E/P  block  copolymers, 
MFI  5,  antioxidant  2 , 6-di-bert-butyl- 
para-cresol  (DBPC)  0.1%,  calcium 
stearate  0.1%. 

As  expected,  dielectric  loss  increases 
sharply  with  the  total  ethylene  content  of  block 
copolymers  (fig.  8) . This  behaviour  is  prdsably 
linked  to  the  increasing  amount  of  the  rubbery 
ethylene  - propylene  phase.  For  the  two  block 
copolymers  shown  in  figure  8,  we  determined  by 
a selective  extraction  method  the  total  amount 
of  the  rubber  phase.  Vie  found  as  much  as  1.9% 
for  the  4.8%  E-copolymer,  and  2.6%  for  the  6.5% 
E-copolymer. 

Influence  of  Ethylene  Content  in  Ethylene  - 
Propylene  Random  Copolymers 

Ethylene  - propylene  randan  copolymers  do 
not  contain  cristalline  polyethylene  blocks  as 
block  copolymers,  but  only  molecular  chains  with 
one  (or  maximum  rp  to  five  consecutive)  ethylene 
molecules  in  a randan  distribution  on  the  polymer 
chain,  which  is  basically  formed  of  97  to  99%  of 
propylene  (true  randan  copolymer) . In  addition 
to  the  high  amount  of  true  randan  copolymer, 
coimercially  available  ethylene  - propylene 
randan  copolymers  contain  small  portions  of 
ethylene  - propylene  rubber  with  relatively 
lew  ethylene  content. 

We  assume  that,  as  in  ethylene  - propylene 
block  copolymers,  the  ethylene  - propylene  rubber 
phase  is  the  reason  for  the  increase  of  dielectric 
losses  with  total  ethylene  content  in  ethylene  - 
propylene  randan  copolymers  (fig.  9) . 

A reduction  of  the  ethylene  - propylene 
rubber  phase  can  lae  achieved  by  using  new  highly 
stereospecific  catalyst  systems  and  by  partially 
extracting  ethylene  - propylene  ruiaber  by  sol- 
Vcints, during  the  deashing  step  cifter  polymeri- 
sation. We  believe  that  it  is  therefore  possible 
to  prepare  ethylene  - propylene  rarxlon  copolymers 
with  about  1 to  2%  total  ethylene  content  with 
dielectric  losses  only  slightly  higher  than  Uxase 
of  polypropylene  honopolymers.  These  investiga- 
tions are  currently  under  way. 


Randan  copolymers  may  offer  advcintages 
caipared  to  (lanopolymers  during  cable  extrusion 
(see  ch^ter  "Processing  Prcblans  with  Poly- 
propylene" belcw)  . 


Fig.  9 : Dielectric  loss  as  a function  of  total 
ethylene  content  in  E/P  randan  copoly- 
mers, MFI  1-2,  antioxidant  lONOX  330 
0.1%,  calcium  stearate  0.1%.  The  1.2% 
E-copolymer  contained  0.2%  of  DBPC 
instead  of  lONOX  (giving  relatively 
high  loss  values) . 

DIELECTRIC  STRFMGTH 

High  dielectric  strength  is  an  inportant 
factor,  not  only  for  energy  cables,  but  also 
for  submarine  c^les,  as  supply  voltages  of  the 
repeaters  increase  with  the  frequency  of  the 
systems. 

Dielectric  Strength  before  Ageing 

Dielectric  strength  has  been  measured  for 
alternative  voltage  at  50  cycles/sec  and  a 
voltage  increase  of  2.1  kV/sec  on  0.3  rim-thick 
extruded  sanples  Inetween  plane  electrodes  in 
condenser  oil. 

Values  given  in  table  3 are  averages  of  at 
least  20  brea)«3cwns  for  each  resin. 


Dielectric 


Resin  ! strength 

! (kV/nm) 


PP  ! 78.2  ! 

E/P  block  copolymer  ! 79.1  ! 

(4.8%  E)  ! ! 

E/P  randan  copolymer  ! 75.2  ! 

(2.1%  E)  ! ! 

! ! 


lEPE  (power  cable  grade)  ! 78 


Table  3 : Dielectric  strength  for  PP,  E/P 
copolymers  arri  IDPE. 
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The  dielectric  strength  of  all  resins  tested 
were  in  the  same  range  as  that  of  lew  density 
polyethylene,  with  randem  copolymers  shewing 
slightly  lower  values.  After  12  days  storage  of 
the  sanples  under  standard  conditions,  no 
variation  oould  be  found. 


An  Important  point  for  submarine  cable 
insulation  resins  is  their  resistance  to  ageing 
under  the  influence  of  an  electric  field  and  salt 
water. 

Table  4 shows  dielectric  strength  of  0.5  nm- 
thick  coipression  molded  sanples  before  and  after 
26  days  of  simultaneous  eiposure  to  a 2.5  kV/im 
direct  voltage  field  and  salt  water  (30  g of 
NaCl  for  1 liter  of  water) . 


Table  4 : Dielectric  strength  before  and  after 
ageing  in  salt  water  and  direct 
voltage  field. 

The  results  shew  that  polypropylene  is 
sli^tly  less  subject  to  ageing  in  salt  water 
and  a direct  voltage  field  than  a cenparative 
lew  density  polyethylene. 


due  to  reduced  cristalllnlty  (fig.  10) . The 
raixtotn  distribution  of  ethylene  on  the  molecular 
chain  also  yields  a more  flexible  polymer,  thus 
enabling  lower  extrusion  terperatures,  oembined 
with  higher  melt  strength.  The  latter  e^Jvantage 
of  ethylene  - propylene  random  copolymers  was 
one  of  the  reasons  for  their  breakthrough  in 
the  bottle  blowing  and  thermoforming  market. 

In  addition,  reduced  stiffness  at  room  tenpera- 
ture  corpared  to  polypropylene  hcmopolymers 
should  reduce  cable  laying  problems. 

Extensive  extrusion  trials  with  thick 
cable  insulations  are  still  necessary.  The 
first  results  indicate  that  a void  free  insu- 
lation can  be  obtciined  even  with  polypropylene 
hcmopolymers  at  lew  extrusion  speeds  and  with 
a die  cerprising  a long  cooled  land  portion. 
Thus,  a relatively  high  die  pressure  gives  the 
possibility  of  carpensating  for  part  of  the 
shrin)cage  during  the  initial  cooling  step. 
Different  cooling  techniques  are  under  inves- 
tigation, such  as  subsequent  water  baths  with 
decreasing  tenperature  at  atmospheric  or  higher 
pressure. 


Total  Ethylene  Content  (%) 


PROCESSING  PROBLEMS  WITH  POLYPROPYLENE 

For  thick  cable  insulation, polypropylene 
reveals  three  najor  discidvantages  which  are  : 

- strong  tendency  to  void  formation, 

- lew  melt  strength  and 

- high  rigidity. 

Strong  tendency  to  void  formation  stems  fron 
its  highly  cristalline  character  giving  very  hi^ 
shrin)cage  during  cristallisation.  In  addition, 
its  lew  thermal  conductivity  creates  very  hii^ 
tenperature  gradients  during  the  cable  cooling 
operation.  The  relatively  lew  melt  strength  of 
polypropylene  hcmopolymers  may  cause  conductor 
excentricity  and  hi^  rigidity  can  lead  to 
problems  in  cable  laying  linked  to  limited 
bending  radius. 

We  believe  that  these  difficulties  might  be 
overceme  by  adequate  extrusion  and  cooling 
techniques  and  the  use  of  ethylene  - propylene 
random  copolymers,  which  shew  less  tendency  to 
void  forrotion  than  polypropylene  hcmopolymers. 


Fig.  10.  : Cristalllnlty  as  a function  of  total 
ethylene  content  in  E/P  randem  co- 
polymers, values  based  cn  DSC-data 
of  sanples  with  the  same  thermal 
history  (quench  in  vrater  at  0°  C) . 
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CCtgCLUSIONS 

It  hcis  been  shewn  that  polypropylene  with 
very  lew  catalyst  residue  level  has  loss  factors 
of  less  than  50  . 10”^  at  60  MHz.  Polypropylene 
is  therefore  an  interesting  candidate  for  future 
suinarine  cable  insulation  in  systems  designed 
for  very  high  frequencies,  provided  void  forming 
problems  in  thick  layer  insulation  can  be  over- 
ocme. 

Two  ocrplanentary  ways  of  solving  these 
extrusion  problems  have  been  indicated  : one  is 
the  use  of  ethylene  - propylene  random  copolymers 
reducing  cristallinity  without  affecting  the 
electrical  preperties  too  much  and  the  other  is 
the  development  of  a modified  extrusion  technique 
particularly  suitable  for  polypropylene. 
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ABSTRACT 

Due  to  the  absence  of  an  in-process  waterproof 
filling  monitor  for  waterproof  cable,  a problem 
in  the  past  has  been  to  determine  the  filling 
effectiveness  before  a considerable  amount  of 
faulty  cable  is  manufactured.  This  on-line  moni- 
toring system,  including  a microprocessor, 
periodically  measures  the  mutual  capacitance 
along  with  accumulated  footage  and  relates  this 
data  to  determine  filling  effectiveness. 


INTRODUCTION 

Communications  multipair  cable  is  made  waterproof 
during  the  manufacturing  process  by  filling  the 
pair  interstices  of  the  cable  with  a waterproof 
compound  similar  to  petroleum  jelly.  At  Western 
Electric  this  compound  is  applied  to  the  cable  in 
tandem  with  and  immediately  before  the  sheathing 
process  by  passing  the  cable  core  through  a 
cham.ber  where  the  compound  is  at  its  melt  tempera- 
ture and  under  pressure. 

PROBL Ell  AND  SOLUTION 

Obviously  it  is  difficult  to  determine  whether  the 
filling  process  is  completely  filling  the  cable, 
since  the  cable  is  immediately  sheathed  and 
jacketed.  Manufacturing  has  traditionally  relied 
on  testing  finished  cable  end  samples  to  determine 
this  completeness  by  measuring  the  volume  of  fill- 
ing material  in  a sample  or  measuring  its  restric- 
tion to  water  flow.  The  Dynamic  Waterproof  Filling 
Process  Monitor  (DWFPM)  uses  a technique  which  is 
based  on  the  fact  that  as  filling  compound  is 
applied  to  a cable  pair,  the  mutual  capacitance 
increases  by  an  amount  proportional  to  the  amount 
of  compound  applied.  This  mutual  capacitance  is 
measured  on  an  inside  and  an  outside  pair  during 
the  filling  process  and  then  related  to  the 
processed  footage. 

The  mutual  capacitance  increase  described  above  is 
due  to  the  increase  in  dielectric  constant  when  the 
air  with  a relative  constant  of  1.0  is  replaced 
with  a compound  with  a relative  dielectric  constant 
of  2.23.  This  increase  in  capacitance  as  the  cable 
is  filled  is  illustrated  by  the  curve  in  Figure  1. 
The  flat  areas  on  the  curve  illustrate  lengths 
where  the  process  was  not  filling  the  cable.  Since 
other  process  factors  including  tension  and  com- 


pression also  effect  the  mutual  capacitance,  a 
pair  on  the  inside  of  the  cable  core  which  is 
usually  the  more  difficult  to  fill  is  compared  to 
a pair  on  the  outside  which  is  usually  not  diffi- 
cult to  fill.  This  tends  to  cancel  out  other 
variation  factors  which  are  assumed  to  be  approxi- 
mately equal  for  the  two  pairs.  The  processed 
footage  information  is  determined  by  accumulating 
incremental  length  pulses  from  a transducer 
inherent  to  the  sheathing  line. 

The  filling  is  evaluated  and  compared  with  a 
quantity  called  Relative  Filling  Effectiveness 
(RFE).  This  quantity  is  derived  from  relating 
the  amount  of  increase  in  capacitance  to  the 
processed  footage  and  is  a measure  of  the  percent 
of  fill  immediately  surrounding  the  pair  being 
measured.  Appendix  1 is  a derivation  of  this 
relationship  based  on  relative  dielectric  con- 
stants of  composite  materials.  Figure  2 is  a 
curve  showing  RFE  as  a function  of  the  percent 
difference  in  mutual  capacitance  between  an  out- 
side pair  and  a standard  average  filled  cable 
value  or  between  an  inside  and  an  outside  pair. 
This  curve  is  a plot  of  the  equation  derived  in 
Appendix  1. 

Several  experimental  cables  were  filled  at  /arious 
levels  of  fill  to  correlate  the  monitor  technique 
results  with  other  conventional  tests.  The  moni- 
tor RFE  results  did  not  correlate  with  the  volume 
measurement  percent  Yin  or  the  delta  capacitance 
tests.  These  tests  have  since  been  discontinued 
on  most  cables.  The  monitor  RFE  results  did 
correlate  with  the  core  flow  tests,  which  is  a 
test  which  exposes  a three-foot  sample  of  finished 
filled  cable  to  an  actual  head  of  water.  It  was 
determined  from  these  experimental  cables  that 
samples  from  lengths  of  cable  with  RFE  values 
shown  below  produced  the  corresponding  core  flow 
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IMPLEMENTATION 
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Figure  3 is  a general  block  diagram  of  the  monitor 
system.  A microprocessor  was  selected  for  this 
monitor  to  provide  data  acquisition  control  and 
for  computations  involved  in  the  analysis  and 
presentation  of  the  results.  The  data  from  measur- 
ing mutual  capacitance  on  two  pairs,  the  line  speed 
data  and  the  operator  instructions  to  the  monitor 
are  processed  by  the  microprocessor  and  results  are 
displayed  to  the  operator  on  console  front  panel 
displays  and  a recorder  printout.  The  displayed 
result  is  the  RFE  for  both  the  inside  and  outside 
pairs  as  a function  of  the  processed  footage. 

Figure  4 is  an  example  of  the  recorded  printout 
showing  first  the  RFE  for  the  total  amount  of 
cable  processed  up  to  that  point  for  an  outside  and 
an  inside  pair  and  secondly  the  RFE  values  for  the 
last  40  feet  which  has  gone  through  the  process. 
These  values  are  updated  and  printed  out  each  10 
feet. 

Figure  5 is  a front  view  of  the  monitor  console 
showing  the  LED  displays  and  operator  push-button 
controls.  The  production  operator  has  only  limited 
control  of  the  monitor  to  start  the  test  on  either 
of  two  payoffs,  restart  the  test  or  stop  the  test. 

Figure  6 shows  the  data  coupler  assembly  mounted  on 
a cable  payoff  stand.  As  shown  a contactless  mag- 
netic coupling  system  is  used  to  transfer  power 
into  and  signals  out  of  the  measurement-transmi tter 
circuits  which  are  mounted  on  the  rotating  core 
truck  brake  arm. 

APPLICATIONS 

Presently,  these  DWFPM  systems  are  used  primarily 
as  engineering  tools  to  eva'uate  changes  to  and  new 
designs  of  the  filling  process  facilities,  maxi- 
mizing line  speed,  evaluating  changes  in  filling 
chamber  pressure  and  temperature  and  most  import- 
antly for  evaluating  the  effectiveness  in  filling 
new  designs  of  larger  pair  size  cables  which  are 
being  run  for  the  first  time.  The  filling  effect- 
iveness is  stable  once  the  proper  operating  parame- 
ters of  temperature,  pressure  and  line  speed  are 
established  for  a particular  design  of  cable. 

The  monitor  displays  immediate  results  to  the  oper- 
ator to  prompt  changes  during  the  process  and 
records  the  results  as  a function  of  length.  The 
recorded  results  also  serve  as  a permanent  profile 
of  the  cable  if  there  is  a need  to  cut  out  marginal 
lengths  of  the  finished  cable. 

SUMI«M 

A system  lias  been  built  for  in-process  monicoring 
of  the  effectiveness  of  waterproof  filling  process 
facilities.  These  systems  are  being  used  as 
engineering  tools  in  the  design  of  process  facili- 
ties, the  design  of  new  waterproof  cables,  and  are 
helping  to  provide  quality  waterproof  cable  for  the 
Bell  System. 


We  acknowledge  the  assistance  and  advice  of 
Mr.  R.  A.  Levandoski  of  our  engineering  organiza- 
tion in  the  development  of  t.his  system.  We  also 
acknowledge  the  assistance  of  other  engineering 
and  operating  personnel  at  the  Cable  and  Wire  PECC 
as  well  as  the  Atlanta  and  Omaha  Manufacturing 
Works  in  the  development  and  prove-in  of  the 
system.  Ursula  Werl's  assistance  in  typing  and 
proofreading  of  the  manuscript  is  appreciated. 

REFERENCES 

1.  T.  F.  McIntosh,  "Electrical  Design  of  PIC 
Multipair  Cable,"  Memorandum  for  File,  Case 
39603-49,  July  2,  1973. 


120 


CAPACITAHCE  OF  CABLE  AS  A FUBCTWB  OF  WATERPROOF  FILLIHG 


MUTUAL 
CAPACITANCE 
Of  CABLE 
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FILLED  CABLE  LENGTH  IN  FEET 

FIGURE  1. 
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DIFFERENCE  IN  MUTUAl  CAPACITANCE 


IS  14  13  13  II  10 


PERCENT  DIFFERENCE  IN  MUTUAL  CAPACITANCE 


FIGURE  2. 
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DYNAMIC  WATERPROOF  FILLING  PROCESS  MONITOR 

RESULTS  PRINTOUT 

RELATIVE  FILLING  EFFECTIVENESS 
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APPENDIX  1 

Derivation  of  Relative  Filling  Effectiveness  (REE) 
as  a function  of  percent  difference  in  mutual 
capacitance  of  a pair  to  a standard  value  or  to 
difference  in  inside  and  outside  pairs.  From 
Reference  No.  1 we  get  the  following  equation: 

E = EjVi  + EfVp  where: 

E = Relative  Dielectric  Constant  of  Composite 
Material 

Ep  = Relative  Dielectric  Constant  of  Filling 

E]  = Relative  Dielectric  Constant  of  Conductor 
Insulating  Material 

V]  = Relative  Volume  of  Insulating  Material 
Vp  = Relative  Volume  of  Filling  Material 

(1) 


For  filled  cable  E,  V]  and  Vp  are  unknown  in 
general.  E can  be  measured  for  lOOw  fill  and  no 
fill  situations.  Ef  is  known  for  1DD%  fill  and 
no  fill  situations.  E]  is  known. 

So  Vp  and  Vi  can  be  determined  by  substituting 
known  values  of  E] , Ep. 


Vp  = ::ii 

REp  max.  - REi  * E[  - Ep  min. 


where: 

E)  Mutual  Capacitance  With  No  Fill 
E^  Mutual  Capacitance  With  lOOt  Fill 

Ep  max.  = Ep  With  100%  Fill 

Ep  min.  = Ep  With  No  Fill 

then  : 

Vl  = 1 - Vp 

Now  solving  equation  Number  1 for  Ep: 


E - El 

1 - (El  - RE,) 

(REp  max.  - RE]  + Fj  - Ep  min.l 

El  - REi 

REp  max. 

- RE]  Ej  - Ep  min. 

and  differentiating: 

AE  (REf  max.  - REl  + El  - Ef  min.) 
AEp  = iir-~RiT)  ~ 


Then  substituting  values  for  a specific  type  of 
multipair  cable: 

El  = 2.24 

Ep  max.  = 2.22 

Ep  min.  = 1.00 

Mutual  capacitance  iBeasured  for 
no  fill  = 69.25  nanofarads 

Mutual  capacitance  measured  for 
100%  fill  = 82.27  nanofarads 

then  R = .842 

and  %AFp  = %AE  (3.456) 

(2) 

Now  we  have  the  percent  change  in  the  relative 
dielectric  constant  of  the  tillable  area  of  the 
cable  as  a function  of  the  percent  difference  in 
the  composite  relative  dielectric  constant. 

Now  we  will  use  the  following  equation  from 
Reference  No.  1 to  derive  the  Relative  Filling 
Effectiveness  as  a function  of  the  %AEF. 

(Ep  - Ep  max.)  (1  - Ep  max.) 

(Ep  + 2 Ep  max.)  \ -50/  (1  + 2 Ep  max. ) 


or: 


RFE  = 100 


(Ef  - Ef  max.)  (1  -*■  2 Ef  max. ) 

(Ep  + 2 Ep  max.)  (1  - Ep  max.) 
_ 

(3) 


Now  using  Equation  No.  2 we  have: 

Ef  = Ep  (1  - 3.456  Mi') 

\ 100/ 

Substituting  this  into  Equation  No. 
Ef  max.  * 2.22,  we  can  simplify  to: 


RFE  = 100  - 50 


19.465  - .224 

%AE 


3,  along  wi th 
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Summary 

On  the  basis  af  a new  SZ  method  it  has 
been  possible  to  construct  very  simple 
twisting  strander  lines  operating  at  the 
some  manufacturing  speed  as  conventional 
pair  or  guad  twisting  machines.  The  new 
method  is  characterized  by  a straight 
accumulator  with  a twisting  support  at 
eoch  end  rotating  alternately.  The  mecha- 
nical stress  to  which  the  wire  pairs  or 
quods  are  subjected  in  the  twisting  ope- 
ration -which  proceeds  at  a rate  of 
approximately  3000  twists  per  minute-  is 
scarcely  greater  than  when  the  conduc- 
tors are  simply  pulled  off  the  supply 
reels. 

Using  a machine  constructed  for  various 
unit  designs,  up  to  13  conductor  pairs  or 
quods  can  be  produced  side  by  side  and 
stranded  to  fora  a unit. 

Introduction 

For  economic  reosons,  increosing  use  is 
being  made  of  twisting  strander  lines  for 
manufacturing  communication  cables.  With 
this  equipment  it  is  possible  for  complete 
units  consisting  of,  say,  10  pairs  or 
5 star  quads  to  be  manufactured  from  indi- 
vidual wires  in  a single  operation.  Speci- 
al advantages  are  offered  by  twisting 
strander  lines  in  which  the  pay-off  reels 
or  pail  packs  ore  stationary  and  can  be 
chonged  while  the  machine  is  operoting. 
These  strander  lines  hove  very  small 
down-times  and  hence  a high  overall  effi- 
ciency, especially  when  double  pay-off 
strands  ore  used,  permitting  continuous 
pay-off  operation  (Fig.  1) 

A prerequisite  for  this  mode  of  opera- 
tion is  SZ  twisting  of  the  wire  pairs  or 
star  quads,  i.e.  stronding  with  a perio- 
dic reverse  of  lay.  Suitable  methods 


Fig.  1 Output  of  twisting  strander  lines 
(10-pair  or  5-quads  units  with 
0.4  mm  conductor  diometer,  3-shift 
operation) 

1 with  single  pay-off  stand 

2 with  double  pay-off  stand 

3 with  double  pay-off  stand  and 

continous  pay-off  operation 

and  equipment  were  described  in  the  1971 
and  1974  symposia,  and  they  hove  proven 
successful  in  years  of  current  produc- 
tion 2,3, 

At  Siemens,  for  instance,  oil  locol 
feeder  and  distribution  cables  for  the 
Deutsche  Bundespost  ore  sranufactured  with 
combined  twisting  and  stranding  machines 
using  "breathing"  accunulators  2 (Fig.  2). 

Our  experience  has  shown  that  the 
quality  of  cables  manufactured  with  SZ 
equipment  is  just  as  good  os  that  of 
cables  twisted  according  to  conventional 
methods.  There  ore  also  no  known  disad- 
vantages os  regords  practical  application 
and  installation. 


Fig.  2 Twitting  strondar  line*  for  com- 
bined star  quod  twisting  and 
stranding  ("breathing"  accumulo- 

tor  principle,  v c 100  m/min) 
nox 

The  maximum  production  rata  of  SZ 
equipment  in  the  post  was  100  m/min., 
i.e.  it  was  below  the  production  rate 
of  the  machines  previously  used  for  indi- 
vidual twitting  of  pairs  or  star  quads. 

On  the  other  hand,  SZ  equipment  is  smal- 
ler and  lighter  than  conventional  twisting 
and  stranding  machines,  and  this  sug- 
gested that  the  potential  of  SZ  twitting 
and  stranding  had  to  far  not  been  fully 
exploited.  Consequently,  plans  were  mode 
to  develop  a new  generation  of  SZ  equip- 
ment designed  to  match  the  operation 
speed  of  conventional  individual  twisting 
mochinat  and  so  reduce  the  amount  of 
equipment  required  for  manufacturing  local 
cables. 

A reduction  in  the  amount  of  equipment 
is  of  particular  interest  in  cases  where 
-as  in  the  U.S.A.  or  France,  for  instance- 
25  pairs  or  14  star  quods  are  to  be  simul- 
taneously produced  and  stranded  to  form 
0 unit. 

This  paper  describes  how  the  problem 
was  solved.  It  resulted  in  a new  SZ  method 
which  is  suitoble  for  wire  pairs  and  star 
quads  alike.  A very  effective  twisting 
ond  stranding  process  has  been  achieved 
by  simple  means,  and  the  mechanical  strain 
to  which  the  individual  wires  ore  sub- 
)ectad  is  notgreoter  than  when  they  ore 
simply  pulled  off  supply  reels.  The  equip- 
ment constructed  on  the  basis  of  the  new 
method  is  particularly  easy  to  operate, 
requires  little  maintenance,  and  operates 


at  twice  the  speed  of  the  first  generation 
of  SZ  equipment. 

Bosic  considerations 

Every  SZ  setup  includes  at  least  one 
accumulator  which  can  store  as  many  twists 
as  are  contained  in  a finished  section 
of  the  twisted  element  having  a constant 
direction  of  lay  ^ . The  accumulator  may 
be  a roller-type  accumulator,  or  it  may 
be  a straight  or  linear  accumulator  in 
which  the  elements  being  twisted  are  drawn 
along  o straight  path  in  the  air  (Fig.  3). 


Fig.  3 Accumulators  for  SZ  processes 

a)  roller-type  accumulator 

b)  straight  accumulator 

With  the  aid  of  the  two  rotating  twisting 
supports  and  P2,  the  elements  are  twisted 
as  they  enter  the  accumulator  and  os  they 
leave  it.  The  two  twisting  processes  act 
in  opposite  directions. 

In  order  to  realize  SZ  twisting,  one 
of  the  process  porometers  involved  is 
changed,  preferably  periodically,  in  such 
a way  that  the  two  opposite  twisting  pro- 
cesses at  the  entrance  and  exit  of  the  accu- 
mulator do  not  cancel  each  other  out  but 
complement  each  other  such  that  the  number 
of  twists  per  length  in  the  finished  twisted 
element  is  other  than  zero.  SZ  twisting 
con  be  realized  by  altering  the  rotation 
ov  a twisting  support  or  changing  its  posi- 
tion, or  by  altering  the  relative  rate  at 
which  the  elements  enter  or  leave  the  accu- 
mulator. 

For  high-speed  SZ  twisting  and  stranding, 
the  straight  accumulators  illustrated  in 
Fig.  3b  are  now  considered  the  most  suitable 
because  they  impose  low  centrifugal  stress 
on  the  twisted  elements.  The  length  of  the 
accumulators  depends  on  the  reversal  distance, 
which  may  only  be  a few  meters  for 
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pairs  or  star  quads.  Straight  occuaulators 
of  this  length  are  easy  to  roolizo. 

In  sons  known  versions  of  this  type  of 
occuaulotor  the  two  twisting  supports  Py  P2 
hove  been  coabined  to  fora  o single  support 
at  the  end  of  the  occuaulotor  section 
In  such  coses,  on  abrupt  alternation  takes 
place  in  only  one  of  the  two  twisting  pro- 
cesses involved. 

The  new  aethod 

In  order  to  achieve  porticulorly  effective 
twisting  we  use  two  separate  twisting  supports 
os  shown  in  Fig.  3b  Both  change  their  rota- 
tion synchronously  at  intervals  corresponding 
to  the  length  of  the  straight  accumulator. 

In  this  way  both  twisting  processes  ore 
alternoted  abruptly  at  the  entrance  and  exit 
of  the  occuaulotor.  When  the  twisting  sup- 
ports ore  operating  at  the  maximum  rotation 
rate,  and  ossuaing  comparoble  boundory  condi- 
tions, the  number  of  twists  is  twice  that 
obtained  with  alternative  solutions  using 
only  one  rotating  twisting  support. 

Even  if  these  facts  are  not  exploited  to 
achieve  faster  pull-off  rates,  one  has  the 
advantage  of  being  able  to  choose  shorter 
pitches  of  lay  which  result,  among  other 
things,  in  improved  crosstalk  or  bending 
properties  of  a cable. 

The  use  of  double  twisting  supports  also 
results  in  a virtually  constant  pitch  of  lay 
in  the  twisted  element,  as  in  conventional 
twisting  methods.  Where  coamunication  cables 
are  concerned,  this  aakes  it  easier  to  solve 
decoupling  problems.  All  experience  relating 
ta  balancing  of  large-pair-count  units  can 
readily  be  applied  to  the  makeup  of  SZ  twisted 
ond  stranded  cobles. 

Five- fold  twisting  equipment  for 
poirs  or  stor  quods 

Fig.  4 shows  how  the  new  method  is  applied 
for  parallel  production  of  5 pairs  or  stor 
quads,  the  twisting  supports  being  repre- 
sented by  lymbolt.  The  individual  insuloted 
conductors  run  into  a twisting  closer  and  are 
twisted  once  olternately  by  the  first  twisting 
support.  Each  twisted  element  is  drawn  a few 
meters  through  the  air.  At  the  end  of  the 
accumulator  the  conductors  are  twisted  again, 
in  the  opposite  direction.  The  completed  pairs 


Fig. 4 5-fold  twisting  equipment  with  straight 
occuaulators  (double-twister  principle) 


Fig.  5 Pay-off  stand  and  5-fald  twisting 

equipment  with  straight  accumulators 

(v  = 200  m/min) 

' max  ' ' 


or  star  quods  are  fed  to  o unit  stranding 
machine  (not  shown  here)  which  can  operate 
either  with  constant  lay  or  according  to  the 
SZ  principle. 

Fig.  5 shows  this  five-fold  twisting 
equipment  together  with  the  pay-off  stands. 
It  is  designed  for  conductor  diameters  of 
0.3  to  0.8  ma. 

The  twisting  supports  are  aounted  in 
graups  of  five  in  stonds.  The  altematirj 
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Fig. 6 13- fold  twisting  equipment  with  straight  accumulators  (entrance  side) 


drive  is  performed  by  means  of  electromagnetic  In  the  case  of  the  combined  star  quodding 

clutches  which  hove  worked  well  in  machine  and  stranding  operation,  the  capacitance  un- 
tool applications  with  a high  switching  fre-  balance  quality  was  found  to  correspond  to 

quency  and  which  guarantee  a high  degree  of  that  of  the  time-proven  system  using 

operational  reliability.  "breathing"  accumulators  3.  The  specifica- 

tions of  the  Deutsche  Bundespost  according 

The  electromagnetic  clutches  of  different  to  72  GU  1 to  4 for  local  feeder  and  distri- 

twisted  elements  are  switched  over  at  diffe-  bution  cables  with  a conductor  diameter  of 

rent  times  so  that  the  reversal  points  of  0.4  to  0.8  mm  ore  reliably  met.  If  neces- 

different  pairs  or  quads  do  not  lie  in  the  sary,  the  unbalon-  level  can  be  improved  by 

some  cross-section  of  the  completed  unit.  selecting  par  ‘ly  short  pitches  of  lay. 


Within  each  straight  accumulator  there  are 
simple  guides  fitted  in  circular  disks  to 
prevent  transverse  vibrations  of  the  twisted 
elements. 

The  completed  pairs  or  quads  pass  over  the 
white  guiding  rollers  (see  bottom  of  Fig.  5) 
to  the  following  unit  stranding  machine.  The 
maximum  rotational  speed  of  the  twisting 
supports  is  4000  min"^.  Without  any  great 
difficulty,  therefore,  a rote  of  approxima- 
tely 3000  twists  per  minute  can  be  achieved. 
The  maximum  production  rote  is  obout 
200  m/min.  When  an  appropriate  rotational 
speed  program  is  selected,  the  pairs  or  quods 
produced  at  a uniform  speed  have  different 
pitches  of  lay  in  a range  which  corresponds 
roughly  to  that  of  conventionol  manufacture. 


13- fold  twisting  equipment  for  poirs 
or  stor  quods 

Many  cable  specifications  call  for  units 
consisting  of  far  more  than  five  twisted  ele- 
ments. Units  with  10,  12,  13  or  25  conductor 
pairs,  or  7 or  14  star  quods,  may  be  re- 
quired. 

To  permit  cost-effective  monufacture  of 
such  units  with  a conductor  diameter  of  0.4 
to  C.9  mm,  a 13-fold  twisting  equipment  has 
been  developed  according  to  the  new  double- 
twister method  (Fig.  6,  7).  If  more  than 
13  twisted  elements  are  required  in  one  unit, 
the  equipment  is  used  in  two  operotions,  or 
two  such  machines  are  set  up  in  tandem.  All 
13  twisting  devices  ore  mounted  in  a circle. 
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Fig.  7 13-fold  twisting  equipmont  (exit  side) 


The  twisting  supports  ore  driven  via  electro- 
nognetic  clutches,  os  in  the  case  of  the  five- 
fold machine.  The  equipment  hos  electronic 
control  facilities  so  that  the  twisting  pro- 
gram for  the  different  twisting  devices  can  be 
selected  according  to  the  makeup  of  the  unit. 
These  facilities  also  supervise  the  rotational 
speeds  of  the  different  twisting  supports.  In 
the  event  of  a deviation  from  the  specified 
nominal  values,  the  entire  equipment  is  stop- 
ped. This  also  applies  when  a conductor  breaks. 

Once-looped  rollers  hove  proved  most  suitable 
for  use  as  twisting  supports,  assuring  non- 
slip transmission  of  force  between  the  twisting 
support  and  the  wire  passing  through  (Fig.  8). 
The  rollers  are  arranged  excentrically  and  by 
guiding  the  conductors  with  only  few  deflec- 
tions they  guarontee  that  the  mechanical  strain 
on  the  conductor  materials  is  very  low.  The 
neon  increase  in  resistance  to  which  copper 
or  aluminum  conductors  with  a diameter  of 
0.5  mm,  for  instance,  ore  subjected  when  pas- 
sing through  the  machine  is  only  1 to  2 

Depending  on  the  unit  design,  either  one 
or  two  layers  are  formed  from  the  finished 
poirs  or  star  quads.  The  deflection  system  at 
the  end  of  the  SZ  equipment  (the  white  rollers 


on  the  right  in  Fig.  7)  is  adjusted  accor- 
dingly. 


As  with  the  five-fold  equipment,  a pull- 
off  rate  of  up  to  200  m/min  con  be  ochieved 
according  to  the  required  pitches  of  loy. 
Assuming  that  the  insulated  conductors  are 
drown  continuously  from  double  pay-off  stands, 
in  one  month  about  60,000  km  of  0.4  mm  dia- 
meter conductors  can  be  twisted  and  stranded 


Fig.  8 Twisting  support  (roller  twister) 
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Fig.  9 Capacitance  unbalances  within  10-pair 
units 

(all  cambinatians) 

Conductor  diameter i 0.5  mn 
Length:  1000  m N = 675 

in  a single  operation  to  forsi  10-pair  units, 
using  only  one  equipment  setup.  At  present, 
the  SZ  equipment  is  operated  together  with 
a conventional  bunching  mochine  (Fig.  6). 

The  capacitance  unbalances  of  units  stran- 
ded from  SZ  twisted  pairs  match  the  results 
achieved  when  using  conventional  twisting 
methods.  A typical  cumulative  distribution 
of  unbalances  within  10-pair  units  having 
a conductor  diameter  of  0.5  mm  is  shown  in 
Fig.  9. 

Units  comprising  7 star  quads  with  0.6  mm 
conductor  diameter  were  also  experimentally 
manufactured  for  cables  according  to  French 
specification  PTT  88.  For  the  capacitance 
unbalances  k.  within  the  quad  an  average  of 
30  pF/600  m was  achieved  (max.  180  pF/600  m), 
while  unbalances  between  adjacent  star  quods 
reoched  an  average  value  of  20  pF/600  m 
(max.  75  pF/600  ro).  The  permissible  limits 
specified  in  PTT  88  were  thus  easily  met. 

Other  opplicotions  of  the  double  twister 
principle  with  stroight  occumulator 

The  new  SZ  method  is  also  suitable  for  certain 
opplicotions  involving  power  cables.  Frisch 
GmbH  Ratingen  have  developed  equipment  with 
which  house  wiring  cables  can  be  stranded 
directly  before  they  enter  a sheathing  line. 
The  equipment,  shown  in  Fig.  10,  is  designed 
for  conductor  cross  sections  of  2 x 1.5  mm2 
to  5 X 6 mm2,  Qpd  there  is  another  veision 
for  conductor  cross  sections  up  to  5 x 16  mm2. 


Fig.  10  SZ  stranding  machine  for  house 

wiring  cobles,  also  suitable  for 
SZ  stranding  of  telephone  coble  units 
(Frisch  Kabel-  und  Verseilmoschinen- 
bau  GmbH,  Ratingen) 

In  Fig.  10  the  stand  at  the  exit  end  of 
the  double  twister  setup  can  be  seen  on  the 
right  with  the  control  console.  The  twisted 
wires  ore  guided  vio  o pull-off  device  and 
a rotating  lay-plate  (not  shown  here)  to  o 
subsequent  extruder  line.  The  SZ  <.  luipment 
con  perform  about  1000  twists  per  minute  on 
insulated  conductors  with  a cross  section  up 
to  4 :.ii»2  (mox.  pull-off  rate  300  m/min). 

Experiments  hove  shown  that  a shortened 
version  of  this  equipment  con  also  be  used 
odvontogeously  for  unit  stranding  of  commu- 
nication cobles.  A porticulory  attractive 
possibility  is  that  of  equipping  twisting 
strander  lines  with  this  type  of  SZ  equipment. 
This  would  allow  the  use  of  a stationary 
double  winder  or  a bundle  packer  for  in- 
stonce,  in  continuous  operotion,  thus  elimi- 
nating further  machine  downtimes.  The  pull- 
-of-f  rote  is  determined  primuriiy  fay"thS"p:e- 
ceding  SZ  pair  or  star  quod  twisting  equip- 
ment. 

Conclusion 

Twisting  strander  lines  based  on  the  double- 
twister SZ  principle  operate  virtually  unin- 
terrupted at  high  speeds  and  can  be  used 
with  pay-off  reels  or  pail-packs  of  ony  size. 
Because  of  the  low  personnel  demand  ond  the 
simple  machinery  involved,  very  economic 
production  is  guaranteed.  The  lines  are  easy 
to  operate,  require  little  maintenance,  and 
are  reliable. 
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Initial  faars  that  fraquent  disturbances 
, would  accur  as  a result  of  conductor  breaks, 
for  instance,  hove  been  dispelled,  especially 
os  continuous  processes  have  been  introduced 
in  the  preceding  operations,  thus  reducing 
drastically  the  nunber  of  irregularities  and 
joints  in  the  conductor  aaterial. 

High-speed  twisting  strander  lines  have 
therefore  come  to  play  an  important  role  in 
the  rationalization  of  communication  cable 
manufacture. 
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liCnk.v  Coaxial  Cable  wi*h  Helical  Mcr.bnm'' 
PolycMiylene  lnaula*ion  by  Diiv^**  'ii 


Y,  Saito,  H.  KiL'.'ia.7i:i itj , K,  siakvamotc,  aril  i^hinir'i-la 

Suniitorao  Klecti'ic  Itulus*. rieij,  L‘4. 
Yokohar.a,  Japan 


A new  extrusion  process  for  stable  proiuc*ion 
of  air-Ueleetric-wpe  insulation  of  the  coaxial 
cable  has  been  developed  in  which  both  a helical 
plastic  string:  around  the  inner  conductor  and  a plas- 
tic pipe  over  the  helical  insulation  are  sit:iul*ane- 
oiisly  extruievl  directly  throu^  two  inciepenien* 
passa^s  foir.el  inside  a special  ex*  rjsion-ii*. . 

This  paper  describes  the  new  extrusion  process 
and  its  application  to  a new  wide  band  leaky  coaxial 
cable  (LCX)  for  a vehicular  coirjnunication  sys*c!'. 

This  new  technique  is  widely  applicable  to  proiuc*ion 
of  various  types  of  hi^  quality  coaxial  cables, 
including  IX^X. 


1.  INTHODUCTIOH 

Recen^-ly,  in  Japan,  the  IjCX  has  wi  icly  been 
used  for  vehicular  coranuni  cat  ions  and  other  *n*er-. 
conmuni  Mtions  in  *unnels,  hift.-rise  builiings, 
’iniergroiuid  shopping  centers?  ani  so  on,  T?ic  nos* 
lifficul*  cf  all  abou*  *hc;sc  connunicati on  sys'omo 
is  how  to  establish  effective  inter-co:xiuni  ’ations 
be* ween  moving  s*a*ions  and  gro’ind  s*a*ions.  One  of 
the  conven*ional  sys*ems  for  vehicular  cotnnumica* ion 
depends  on  radio  wave.  Such  a system,  hovever,  has 
a serious  disavivantage  for  use  in  areas  wh<.  re  direc* 
radio  waves  can  be  interrupted  by  complex  tcpogiaphy 
or  man-built  stneturec.  Tiie  LCX  is  a ruos*  suitable 
* lansmissi on  line  for  vehicular  communica* ions  in  *he 
undesirable  sitna‘ions  men+ioned  above,  since  ♦he 
cable  provides  a unifoirii  iis*ribution  of  elec^ro- 
magjienc  waves  not  extending  far  fix)m  the  LCX.  This 
unifomity  of  clec*rorr.af7ic^ic  waves  is  brough*  about 
by  a specially  dcsigne>i  slo*s  array  on  *he  outer  con- 
ductor of  *he  IjCX. 

Tlie  U’X  has  been  u*ilizeii  in  Japan,  in  the 
150/4'^0  frequency  banis.  In  the  near  future  *he 
I’tuige  of  banl  will  be  ex‘eniel  *0  the  300  band 
for  a vehicular  commimi cation  system.  The  Japanese 
National  Railways  (JMR),  above  all,  has  leoivle*.!  to 
ins*all  *wo  l>LXs  on  each  side  of  *ho  tracks,  both  up 
and  lown,  over  several  hundrcl  kilomc^crc  for  the 
automa‘1''  ♦ram  control  system  of  future  * nmk  lines 
incluiing  the  Tohoku  ani  ‘hf*  Joe^su  Hew  Tnmk  Lines. 

Mech.'inical  properties  as  well  as  initial 
electrical  properties  of  ‘he  U'X  are  impor'an^ 
especially  in  such  seven^  surroundings  whore  *he  LCX 
vibrates  inces8an*ly  in  *he  violen*  blast  of  wind 
caused  by  passing  fast  trams.  Dcvclopmcn*  of  now 
LCX  with  stronger  mechanical  properties  than  that  of 
the  conventional  U'X  has  been  in  progiTss  *o  cope 
with  the  harrh  conditions  of  use  by  applying  direct 
extrusion  technique  to  pro-hice  helical  membrane 
insulation. 


2.  ADVAIi^TA lEo  OF  XKW  ?ECH:UwUK 

The  new  techni  jue  has  been  applie-i  to  our  pro- 
duc*ion  of  L*'X.  r':  g.  1 shows  a c rvc.  -uect : onal  view 

and  partial  cu*:iway  view  of  the  L'X.  The  inn-ir  ^on- 
duc-*or  is  usually  ma^ic  of  an  alusmur.  or  copper  pipe 
for  laiw  diameter  l/^X  and  copper  wire  for  LCX  of 
small  diameter.  The  outer  conductor  is  corruga'ci 
aluir.mum  *apo  with  a sUuited,  :ugn:ig  array  of  slo*6 
winch  is  longi  *-jwimally  applied  to  coaxial  struc*urc. 
Cable  sheath  is  jacketed  by  ex*  ruling  black  polyethy- 
lene over  the  ou*er  conductor  and  supporting  wire  to 
foiTi  a self-supporting  *ypo  LCX. 

The  insulation  is  composed  of  polyethylene 
string  wound  helically  around  the  inner  conductor  ani 
*he  polyethylene  pipe  ox*ruded  around  the  helical 
string.  This  *ypt  of  insulation  has  been  ordinarily 
prodecovl  by  tiiroo  seperate  proecsses-making  a plastic 
S'*  nng  by  extrusion,  winding  the  rigid  plastic  s*ring 
helically  arounvi  the  inner  conductor,  and  extruding  a 
plastic  pipe  over  ♦iie  helical  insulation,  llie  con- 
vcu'ional  procesres,  however,  have  the  following  dis- 
a : vantages. 

(1)  It  is  necessary  to  make  plastic  string  having  a 
special  ‘npezoid  cross-sec*ion  so  as  to  prevent 
♦he  he'ical  s*Tang  from  timibling  during  produc- 
tion. 

(2)  The  unit  length  is  limited  by  a pay-off  length 
of  the  plastic  string. 

(3)  It  is  extremely  difficult  to  wind  “he  ng:d 
plastic  string  helically  around  such  a sof*  con- 
ductor as  aluminum  pipCf  without  deforming  *he 
conductor. 


f’i‘'.  1 'ibl-'  8Mu.-‘ur<  of  u:x 


ul’.irunir,  • tp> 
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(4)  Hie  pixxiurtion  piocoduro  is  «.'oraplu'atotl. 

To  ivctit'y  these  1 isa Ivaiita^L^os,  the  devclop- 
mcn*  woi’k  on  now  oxtniflon  pi'occus  w:is  luidi  rtakcn 
for  stable  prod\iction  oT  *^he  helical  mombnuic  poly- 
ethylene insulation.  In  the  new  process,  both  the 
helical  polyethylene  st  rin^?  around  the  inner  con  iuc- 
*oran.i  the  polyG*hyleno  pipe  over  the  helical  siring 
are  simultaneously  foiinovl  by  vlireet  extnision.  This 
pivcosB  offei-s  the  foil owin^r  advant a^^es  as  compami 
with  the  conventional  pixicesscs. 

(1)  It  IS  easy  to  apply  helical  polyethylene  strin^^ 
having  :ui  op*ional,  rectangular  cross-section 
wiMiout  impairing  th.e  structure. 

(2)  !♦  is  possible  to  produce  cables  with  a very 
long  luii ‘-length  lui'ler  nornal  production  con- 
di t ions . 

(3)  It  IS  possible  to  wind  helically  one  or  more 
polyethylene  string(s)  without  defonning  the 
sof^  inner  conductor. 

(4)  substantial  coot  savin^ts  c:in  be  expected  thmu^^i 
the  tandem  process  of  polyethylene  string  ox- 
tnjsion,  polyethylene  st inng  winding,  and  poly- 
ethylene pipe  extnision. 

This  new  technique  is  applicable  extensively 
to  the  pioduction  of  various  t^v'pes  of  hifdi  quality 
coaxial  cables,  which  have  such  advcuitagi'S  as  small 
impedance  irregular!  tics,  excellent  mechcmical 
stability  and  flexibility,  airi  easy  jointing  or 
comiccting  wort:. 

3.  .TCW  MAIJUPACTIfKINa  PROCESS 


3-1  Outline  of  extrusion  facilities 

Fig.  2 shows  a scheme  of  extnision  facilities 
for  manufacturing  helical  membrane  polyethylene  in- 
sulations or  LCX  cores.  Tlu'  facilities  include  a 
pay-off  dnun  suppo^tc^i  by  any  conventional  means, 
such  as  jackst:uidc,  which  pernits  free  rotation  of 
the  drum  :is  *hc  inner  conductor  is  pulled  by  a pay- 
off capstan,  catciyiillar  capstan,  for  example. 

The  inner  ronductor  is  passed  throu^^i  a st  nii ^it oner, 
cleaning  bath,  pn'hea^cr,  anl  then  an  extnision 
appara’us,  wherein  the  helical  polyethylene  string 
an>l  polyethylene  pipe  arc>  oxtnided  rectly  annind 
•he  inner  conductor  *0  fonri  a miifoni;  diameter  of 
IX'X  core  while  passing  throu/’ii  a si/.ing  die.  The 
L(>X  con-  is  *hcn  fed  to  a *.akc-up  Inuii  thro’utli  a 


cooling  and  a capacitance  monitoring  apparatus 

whoroin  the  capaci  tcuice  of  the  IXIX  core  is  rnonitoro  i 
successively  along  tlio  entire  length. 

3-2  Direct  extnision  process 

In  the  now  process,  both  the  helical  polyethylene 
string  and  the  polyethylene  pipe  are  simultaneously 
<‘X^nideti  'iiroctly  over  the  iruier  conductor  and  are 
instantly  bonded  with  each  other.  A cutaway  view  of 
the  oxtniGion  appaixitus  is  shown  in  Fig,  3»  The  inner 
conductoi'  is  foil  throu£^  a ro*ary-iiie  holder  ccntnilly 
located  within  a cylindrical  die  block  and  passes  from 
Mils  holder  throu^di  the  central  orifice  of  a rotaiy 
die.  Polyetliylone,  on  the  other  hand,  is  fed  by  a 
screw  to  a cavity  inside  the  extnision  head  and  is 
cxtnidai  througii  two  independent  passages.  One  pacs- 
•it^  IS  fonnei  inside  the  rotary'  die  and  is  led  to  an 
aperture  at  its  exit  end  extending  roiUally  outwar; 
fi-om  the  cent  ml  orifice  to  produce  ■‘he  helical  poly- 
fthylenc  sMung,  The  o’hcr  passagi'  is  fomed  cylind- 
rically  bG*wein  a sleeve  .'ind  ‘he  die  block,  ‘apenng 
from  the  entrance  side  of  the  ex'nision  appamtus 
towarl  i‘s  exit  end  and  forrang  an  apei’turo  to  province 
tlic  p.pe  over  the  helical  string. 

In  Older  to  provide  rotaiy  motion  to  the  mtaiy 
die  having  ‘he  liolder,  a sprocket  is  secured  to  the 
on*  mnee  side  of  the  holder  with  bolts.  The  diave 
sprocket  is  adapted  to  be  driven  by  a variable  spcevl 
motor  thi'ou^.’Ji  a chain.  Tlie  rotary  die  is  rotated  by 
*he  motor,  resulting  in  the  fonnation  of  a unifornly 
extnidevi  string  winding  about  tlie  inner  conductor  over 
i + s length.  A lay  length  of  the  helical  string,  the 
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Fig.  4.  Close-up  view  of  Urect  extrusion 


Fig.  5»  Tak^'-up  inm 


pitch,  is  detennined  by  a line  speed  and  a rotation 
speed  of  the  rotary  die.  Any  desired  pit^'h  is  pro-/i- 
ded  by  nierely  adj\isting  the  relative  speeds  of  the 
line  and  the  rotation.  Both  the  helical  string  and 
the  pipe  are  fed  to  a sizing  die  just  after  extrusion 
to  provide  not  only  uniforoity  in  diameter  but  also 
good  bonding  between  them. 

In  the  new  process,  any  desired  string  shape  can 
be  provided  by  merely  varying  the  cross-sectional 
shape  of  the  aperture  of  the  rotaiy'  die.  Various 
sizes  of  LCX  cores  can  be  ex*  "^ded  by  interchanging 
the  rotary  die,  the  sleeve,  the  die  block  and  the 
sizing  die. 

Pig.  4 shows  a close-up  view  of  the  direct 
extrusion. 

Fig.  5 shows  an  extruded  LCX  core  being 
*aken  up  by  a drum. 

4.  PROPERTIES  OF  LCX  PRODUCED  BY  NEW  PROCESS 
4-1  Cable  design 

The  new  LCX  desi^  utilizes  a directly  extnided 
polyethylene  insulation.  This  desi^i  offers  improved 
electrical  characteristics,  impixived  mechanical  stabi- 
lity and  flexibility  and  easy  jointing  or  connecting 
work  compared  with  conventional  LCX. 

We  have  pro-duced  three  standard  types  of  now 
LCX,  and  they  have  been  on  the  market  for  two  years. 
Table  1 shows  the  construction  of  the  three  types. 
Their  insulation  diameters  are  20  mm,  d2  mm  and  43mm 
rtspectively.  The  desi£3i  for  inner  conductor  does 
not  employ  hari  conductor  such  as  hard  copper  wire 
or  pipe  of  conventional  desi^*.  The  inner  conduc- 
tors of  the  typ€*  431^  and  32D  are  softened  aluminum 
pipes,  Further,  2QD  type  LCX  desi^i  perrp.its  the 
use  of  softened  alaminum.  wire  bringing  about  the 
advantages  of  no*  only  being  lighter  but  also  econo- 
my of  resources.  The  desi^  of  outer  conductor 
isolates  the  problems  of  electrical  conduction  and 
radiation  from  that  of  mechanical  strength  by  lami- 
nating adhesive,  thin  plastic  films  on  aluminum  tape 
with  a slan*ed  arra^'  of  slots  which  is  longitudinally 
applied  to  coaxial  structure.  Corrugations  are  added 
to  the  laminations  for  flexibili*y  and  crush  resis- 
tance. 

Fir,  6 shows  photographs  of  three  stanviard 

*ype  LCXs. 


Table  1,  Cable  cons*ruc*ion  of  *hrce  new  LCXs 


Descrip*ion  — - — 

43D 

(LCX  50  - 17.3) 

32D 

(LCX  50  - 13.0) 

20D 

(LCX  50  - 8.0) 

Inner  Coniuctor 

.Vaterial 

Softened  Aluminum  Pipe 

Softened  Aliunini\im  or 
Cupper  wire 

Outer  Diameter,  mm 

17.3  _ 

13.0 

3.0 

Insula* ion 

Material 

Low  Density  Polyethylene  with  M.I.  0.3 

Outer  Diameter,  mm 

43 

32 

20 

0u*er  Conductor 

Cable  oheath 

Maten  al 

Corrugated  Laminatcti  Aluminam  Tape  with  Slots 

Material 

Ethylene  Copolymer  wi*h  M.I.  0.2 

Outer  Diameter,  mu 

50 

40 

27 
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an.iari  const  me 


Pig. 6 View  of  t.hive  stanv^laixi  types 
of  new  U'X 


Left  : 20D  (LCX5O-  S.O) 

: 32D  (U;X50-13.0) 

Center:  -IP  (LCX50-17.3) 


Concrete  floor' 


4-2  Electrical  properties 


^rom  the  point  of  view  of  transmission  system, 
the  transmission  loss,  coupling  loss  and  impeiance 
unifomity  are  principal  properties  of  IXJX.  These 
electrical  properties  of  new  LCX  for  the  use  in 
frequency  bonds  of  150  MHz  and  400  MHz  or  400  ^^Hz  and 
800  MHz  are  shown  in  Table  2.  Prom  the  result  of 
these  measurements,  new  LCX  WvOS  found  well  suited  to 
the  use  not  only  for  400  MHz  band  but  800  ;-!Hz  band. 
Measurements  of  all  these  properties  were  earned  out 
with  the  LCX  laid  on  a concrete  an  1 by  the  staniari 
construction  method  as  shown  in  Pig#  7* 

Typical  electrical  properties  of  43^^  type  LCX 
with  55  'iE  of  coupling  loss  for  the  bands  of  400  MHz 
and  300  i-Hiz  arc  shown  in  Figs,  8,  9 10. 


Type  of  Frequency  Band  Coupling  Loss  Attenuation  Constant  Characteristic  V.S.W.R. 


Pennittivity 


Impedance  (q)  (S.R.L.  dB> 


(iB/Kr.) 


the  LCX 


22  1 
25  I 


43n 

[LCX50-1T.3) 


34  1 

36  1,  (S60Nai2) 
60  ' 


'LCX50-13,0) 


45  S (430WI?;) 


LCX50-8.0) 
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4-3  .’•!ochaiiical  properties 


For  ra^Uotclephone  system  of  new  JTiF’s  trank 
lines,  it  is  planned  to  use  two  LCXs  aerially  insta- 
lled along  each  site  of  ■‘he  tracks  of  bo-^^h  ways. 
Besides  '/ibra*-ion  due  to  the  wind,  the  LCX  '/ibrates 


loss  was  measurevi  by  moving  the  antenna  along  a 50 
long  LCX.  I'  is  observed  from  the  experimental 
result  in  the  Figure  *hat  new  LCX  has  not  only  small 
fluctuations  of  coupling  loss  but  much  the  same 
coupling  level  for  the  frequency  bands  of  400  !®2  and 
800  MH2. 

Fig,  9 shows  the  comparison  of  transmission 
loss  against  frequency  characteristics  of  the  l/"'X 
ineasure<d  by  the  swept-f requency  method  using  the 
Ratio  Meter,  The  dimensional  unifomity  of  the  LCX 
is  so  goovl  that  the  transmission  loss  curve  is  very 
smooth.  In  the  long-d ^ stance  transmission  system, 
smooth  loss  curve  eliminates  or  at  least  modifies  ^he 
repeater  design  xx?quirement  in  respect  of  linearity. 

Fig.  10  illustrates  the  frequency  characteris- 
tics of  structural  return  loss.  Measurement  was 
taken  by  the  swept-fr^quency  method  using  the  SWR 
bridge  over  the  frequency  ranr-e  of  10  - 1200  NtHz. 

Two  large  peaks  of  the  return  loss  at  the  frequencies 
of  about  5C0  Mis  and  1000  MHz  are  noticeable  in  the 
Figure,  which  are  caused  by  the  resonance  of  reflec- 
tions due  to  the  slots  array  on  the  outer  conductor. 
The  return  loss  characteristics,  other  than  *he  above 
mentioned  resonance  effect,  arc  ox*. remely  good  in  the 
entire  frequency  imige  ani,  as  a ix-sul*,  good  connec- 
*ion  of  the  LCX  to  radio  equipment  may  be  expected. 


Fi  11  Ren 'ual  in  Mic  helical 

TV-  .-’Ymr 


Above 
3cl  ow 


: -'onventi onal  ^ype 
: New  type 


0 Transmission  loss  v.s.  i ivquon<  y 


Pig.  S illustrates  on  example  of  coupling 
levels  mcasurevi  at  the  frequencies  of  430  MHz  ani 
360  NWr  respectively.  The  magnitude  of  coupling 
loss  is  usually  definevt  as  the  mtio  of  the  power 
*o  be  ‘ransmitted  in  the  LCX  to  the  power  received 
by  a standarti  half  wave  length  dipole  antenna  loca- 
ted 1,5  m away  from  the  LCX.  TheiX'forc,  coupling 


at  ocr’ain  iv^Tular  in*er\'als  because  of  the  air 
blasts  of  ‘ht  passiPitT  of  fact  ^rains.  It  is  impera- 
tiv-.,  theixforo,  *hat  the  LCX  should  be  able  to  work 
as  lon^  as  a few  ieca^les  under  such  conditions. 

Fic;.  11  illustni+os  the  comparison  of  stabili- 
•y  between  ♦he  helical  polyethylene  string  of  new 
LCX  core  and  that  of  conventional  LCX  core.  Hie 
residual  stress  in  the  helical  polyethylene  string 
of  conventional  LCX  is  noticeable  in  the  Figure, 
even  after  several  years  of  practical  use,  as  a 
relaxation  of  the  spring  around  the  inner  conductor. 
The  new  l^'X  core,  on  the  other  hand,  hvus  no  residual 
stress  in  the  polyethylene  string  cind  a good  bonding 
between  the  polyethylene  string  ani  polye*h;* lene 
pipe  IS  obtained.  A helical  pitch  just  after  extru- 
sion IS  maintained  ’hrou^out.  Dimensional  stabili- 
ty of  the  insulation  is  responsible  for  excellon* 
mechanical  properties  of  the  cable  as  described 
below. 

(1)  Flexibility  of  the  cable  increases  because  no 
residual  stress  is  prosen*  in  ‘he  polye*hylene 
string  (and  because  annealed  conductor  can  bo 
used  as  inner  conductor). 

(2)  The  Cable’s  resis’-ance  to  vibration  increases 
because  s-ress  concentration  is  re-duced  “O  *he 
inner  conductor  which  is  free  from  iis*or*ion. 

(3)  Jointing  or  connecting  work  ctin  bo  easily 
carried  out  because  *he  polyethylene  s*ring 
does  not  s*ick  ou*  of  the  cable  end. 

Fig.  12  illustrates  *he  comparison  of  flexibi- 
lity between  the  new  and  conventional  LCXs.  Flexi- 
bility, in  *his  case,  was  considerc'd  to  be  proper-^ 
tional  to  the  drooped  dis'ance  of  the  free  end  with 
a wei^*t  of  the  cantilever  as  shown  in  the  Fig'irr. 
Doth  ^.y'pes  of  new  2QD  LCX  which  use  the  anneale-i 
aluminum  wire  ani  copper  wire  for  the  inner  conduc- 
tor seem  several  times  more  flexible  *haji  ‘he  'on- 
ventional  LCX  whose  inner  conductor  is  seni-har.- 
drat-m  copper  wire.  The  new  2QD  LCX  wi^’h  softene^i 


Fi^.  12  Cofajanson  of  ‘he  flexibili'y 
I'olil  ."ir/o  : N‘'W  LCX 


aluminum:  inner  conductor  has,  in  particular,  the 
advantages  of  no^  only  being  flexible  but  also  lif^t. 
The  new  431^  LC''  is  fairly  good  wi‘h  respect  to  flcxi- 
bili*y  compared  with  the  conventional  U^X. 

Fig.  13  compares  fatigue  strength  measun.'ments 
of  new  LCX  and  conventional  L/IX.  Vibration  tost,  by 
the  accelerative  method  using  short  pieces  of  431^ 

LCX,  was  carried  ou^  at  a constant  speed  of  25  cycles 
per  second  and  variable  amplitude  from  3 to  7 
Specimens  of  1 m long  LCX  were  fixed  on  both  ends  of 
testing  bench  in  parallel  and  made  to  oscillate  com- 
pulsively in  the  middle  of  the  cables  longitudinally, 
*he  typo  of  oscillation  which  is  most  aggiavating  to 
the  Wbration  fatigue  of  the  LCXs.  Neither  specimen 
of  new  LCX  or  conventional  l/^X  was  damaged  -jutil  the 
inner  conduc*ors  of  aluminur.  pipe  came  to  a fatigue 
break  point  by  contact  with  the  edge  of  the  polyethy- 
lene s*ring.  So  far  as  “he  condition  of  the  ampli- 
tude remains  under  5 vibration  enduring  strength 
of  *he  new  LCX  seems  10  times  greater  than  tha*  of 
the  conventional  LCX. 

I*  appears  from  *he  above  that  the  increased 
mechanical  properties  of  flexibility,  stability  and 
vibration  endurance  of  the  LCX  make  it  possible  to 
minimir^e  *.he  degraiation  of  cable  in  the  course  of 
processing  at  factor:/’  ani  installation,  and  also 
keep  fieli  failures  at  minimal  after  installation 
even  ’uiier  harsh  field  conditions  as  *;>'pified  by  the 
Si‘c  along  railway  *r^cks. 
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5.  CJNCLiriON 


Wo  have  developed  a new  manufacturing  process 
for  ox*  riding  helical  nembrance  polyethylene  insu- 
lation for  coaxial  cables  and  applied  its  process  to 
a new  wide  band  LCX  for  vehicular  communication 
system.  This  process  makes  it  possible  to  apply 
rigid  polyethylene  string  helically  around  the  soft 
inner  conductor  without  defoming  the  conductor. 

This  new  *cchnique  is  widely  applicable  to  production 
of  various  types  of  hi^i  quality  coaxial  cables. 

TJie  new  LCX  with  a helical  membrane  insulation 
male  by  this  technique  has  a.ivan*ages  of  small  impe- 
dance irregularities,  excellent  mechanical  stability, 
frcxibility  and  vibration  endurance  and  making  joint- 
ing or  connecting  work  easy.  The  new  LCX  has  been 
on  the  commercial  maricet  for  two  years  in  Japan. 
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EC  GRADE  FULLY  ANNEALED  ALUMINIUM  CONDUCTORS 
IN  PAPER  INSULATED  TELEPHONE  CABLE 


R.J.  Lewis  and  N.W.  Peters 

Telecom  Australia  Headquarters,  Melbourne,  Australia 


S umma  r y 

An  earlier  paper  presented  to  the^Nineteenth  Inter- 
national Wire  and  Cable  Symposium  in  1970  reported  on 
the  manufacture,  installation  and  economic  application 
of  large  size  helical  paper  insulated  EC  grade 
aluminium  cable  in  Telecom  Australia's  network.  The 
paper  was  based  on  experience  gained  from  laboratory 
work  and  early  field  trials. 

The  purpose  of  the  present  paper  is  to  report  on  the 
developmental  work  and  field  installations  that  have 
taken  place  since  1970,  and  the  extent  of  savings  that 
are  being  made  by  the  use  of  paper  insulated  aluminium 
cable.  The  majority  of  the  work  since  1970  has  been 
concerned  with  the  development  of  a range  of  wire 
jointing  connectors  to  joint  0,5^mm,  O.Slmm  and  1 . 1 5mm 
EC  grade  fully  annealed  (FA)  aluminium  conductors. 
These  connectors  are  also  suitable  for  jointing 
certain  combinations  of  aluminium  and  copper  con- 
ductors. Information  of  the  service  history  of 
aluminium  cables  installed  from  as  early  as  19t)5  is 
provided. 

The  purchase  price  savings  for  aluminium  cable  com- 
pared with  copper  during  19‘’7-7S  is  expected  to  be 
about  8%,  and  no  significant  installation  or 
maintenance  cost  penalty  is  expected  in  the  size? 
wh ich  will  be  used. 

It  is  anticipated  that  this  development  will  prolong 
the  use  of  helical  and  longitudinal  paper  insulation 
in  Aus tra I ia , 

Introduction 

The  19‘’0  paper  detailed  Telecom  Australia's  interest 
in  aluminium  cable  for  use  as  a substitute  for  copper 
during  periods  of  copper  shortage,  and  as  a means  of 
saving  money  where  aluminium  cable  is  cheaper.  Cable 
manufacturing  installation  and  maintenance  experiences 
were  described,  together  with  details  of  the  Series  1 
field  trials  with  0.61mm  FA  and  iH  conductors,  and  the 
Series  2 trials  with  0.52mm  FA  conductors.  The  paper 
reported  on  the  unacceptably  high  level  of  open 
circuit  faults  which  had  occurred  at  the  wire  jointing 
connectors  of  one  0,52mm  installation.  The  cause  of 
these  failures  is  detailed  in  the  present  paper. 
Further  field  trials  during  19'^0-72  with  0.52mm  and 
1.15mm  cables  were  foreshadowed  and  the  possibility  of 
routine  use  of  aluminium  cable,  where  it  is  economic- 
ally attractive,  from  January  1972  was  reported. 

The  present  paper  is  concerned  with  the  development 
and  use  of  0,52rTffn,  O.Slmm  and  I.15nffn  aluminium  cable 
bv  Telecom  Australia  from  1970, 

Field  Trials  Since  1970 

The  basic  cable  design  had  been  established  by  1970 
as,  EC  grade  FA  aluminium  conductors,  helical  paper 
insulation,  unit  twin  core  construction  and  a moisture 
barrier  sheath;  although  at  that  time  only  0,61mm  and 
0.52fr<m  cable  had  been  used.  The  field  trials  since 
19‘^0  have  been  primarily  to  provide  experience  with 
aluminium  cables  to  the  Australian  cable  industry  and 
to  confirm  the  performance  of  wire  jointing  connectors 
applied  to  them.  Each  connector  system  was  subjected 
to  an  extensive  laboratory  evaluation  before  field 
trial  and  details  of  the  development  and  evaluation  of 


connectors,  for  each  conductor  gauge,  are  provided  in 
other  Sections  of  this  paper. 

The  Series  3 field  trials  of  0,52mm  and  1.15mm  cable 
foreshadowed  in  the  1970  paper,  were  installed  during 
1971-74.  A connector  designed  and  manufactured  in 
Australia  was  used  for  0,52mm  cable  and  the  I, 15mm 
cables  were  jointed  by  a twist  and  weld  technique  using 
a specially  developed  welding  tool.  The  0.52mm  gauge 
was  seen  as  attractive  because  a large  quantity  could 
be  used  in  the  subscriber  network  without  the  larger 
diameter  of  the  aluminium  cable  incurring  a significant 
duct  penalty.  The  duct  penalty  costs  with  0.52mm  cable 
are  very  small  because  cable  larger  than  1800  pairs  is 
seldom  required,  and  1800/0, 52mm  cable  can  be  installed 
in  Telecom  Australia's  100mm  diameter  ducts.  The  1.15 
mm  trials  were  conducted  because  this  gauge  offered  the 
greatest  percentage  savings,  compared  with  copper,  and 
a significant  quantity  was  required  for  installation  in 
the  junction  network  at  that  time.  At  the  1970  prices 
of  aluminium,  $A5S6/tonne  and  coppe-r,  $l  ,480/tonne , the 
saving  on  maximum  size  0.52mm  cable  was  307.,  but  was 
4 3"o  for  l.l5mm  cable. 

An  economic  study  conducted  in  1974  showed  that  with 
the  large  quantity  of  0.64mm  copper  cable  being 
installed  in  metropolitan  junction  networks  there  was  a 
large  potential  saving  in  the  substitution  of  O.Slmm 
aluminium  cable  for  0,64mm  copper;  even  though  the 
maximum  size  aluminium  cable  for  installation  in  lOOmm 
ducts  contained  only  SOO  pairs  compared  with  1200  for 
the  copper  cable.  Consequently,  a fourth  series  of 
field  trials  comprising  10  projects  and  32,000  Pkm  of 
O.Sl  cable  were  installed  in  1974-1976.  Three  types  of 
connectors  were  used  including  one  of  Australian  design 
and  manufacture.  In  this  application  the  connectors 
had  to  provide  for  jointing  the  O.Slmm  aluminium  to 
0.64mm  copper  (at  exchange  terminations)  and  to  O.SOnm 
copper  (at  loading  coils).  Sufficient  of  these  cables 
had  been  satisfactorily  completed  by  March  1976,  for 
the  decision  to  be  taken  to  start  routine  use  of  O.Slmm 
cable  in  the  junction  cable  network  under  the  general 
surveillance  of  six  State  Co-ordinators;  one  for  each 
of  the  six  States  of  Australia,  These  co-ordinators 
had  been  appointed  to  generally  co-ordinate  planning 
and  installation,  and  to  provide  feedback  to  Head- 
quarters during  the  initial  stages  of  routine  use. 
Although  paper  insulated  junction  and  subscribers 
cables  used  in  Australia  are  identical,  O.Slmm  cables 
were  not,  at  that  stage,  introduced  into  the  subscriber 
main  cable  network.  The  range  of  conductors  that  would 
have  had  to  be  jointed  to  the  O.Slmm  aluminium  included 
0.40mm  and  0,90mm  copper.  By  March  1977  suitable 
connectors  became  available  and  O.Slmm  aluminium  began 
being  used  for  subscribers  cables. 

The  Series  3 field  trials,  with  0,52mm  and  1.15mm 
cable,  were  completed  by  1974  and  although  the  results 
of  the  two  0.52tmi  projects  were  satisfactory,  it  was 
considered  that  this  was  not  sufficient  to  justify 
starting  routine  use.  In  addition,  some  doubts  were 
held  regarding  the  ability  of  connector  jointed  0,52mm 
EC  grade  FA  conductors  to  withstand  the  stresses 
imposed  during  cable  joint  re-arrangements,  that  would 
be  required  during  the  life  of  some  cables.  A fifth 
vser’es  of  field  trials  comprising  9 projects,  and 
15,300  Pkm  of  0,52mm  cable  was,  therefore,  organised. 

In  addition,  a 300  pair  cable  installation  was  set  up 
at  Telecom  Australia's  Maidstone  (Victoria)  Test  Sit^ 
to  obtain  data  on  the  incidence  of  faults,  particularly 
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open  circuits,  in  0. *>201111  cable  ioints  following  re- 
arrangement work.  Fortuitously  at  about  this  time  it 
also  became  necessary  to  re-arrange  a 600  pair  joint  in 
one  of  the  early  0,52mni  cables,  due  to  development  in 
the  area  served  by  the  cable.  Both  re-arrangements 
were  judged  to  be  successful  with  the  level  of  faults 
not  significantly  different  to  that  expected  for  copper. 
Bv  March  l*^'”*,  sufficient  of  the  0.52imi  cables 
installed  in  the  Series  5 field  trials  had  been 
satisfactorily  completed  for  the  decision  to  be  taken 
for  routine  use  of  0.52mm  cable  to  start;  again  under 
the  general  surveillance  of  the  “^tate  Co-Ordinators. 

A larger  sisre  connector  of  Australian  design  and 
manufacture  has  been  developed  and  laboratory  tested 
for  the  I.15mm  gauge.  The  laboratory  tests  were 
satisfactory  and  even  though  the  connectors  have  not 
been  used  in  field  trials  there  is  sufficient  con- 
fidence in  this  robust,  large  gauge  conductor  for 
routine  use  to  start  as  soon  as  bulk  supplies  of  the 
connector  become  available. 

We  have  thus  reached  the  stage  where  satisfactory 
jointing  methods  are  available  for  all  three  gauges  and 
two  are  already  in  routine  use. 

During  the  period  1‘^'’3-1076,  a separate  development 
project  for  longitudinally  applied  sealed  paper 
insulation  (SPO  was  proceeding  for  both  copper  and 
aluminium  conductor  cable.  Technically  satisfactory 
cable  has  been  produced  in  each  gauge  with  a mutual 
capacitance  of  45  nf/km,  the  standard  mutual  capaci- 
tance for  voice  frequency  cable  in  Telecom  Australia. 
However,  for  the  larger  gauges,  higher  manufacturing 
costs  will  probably  restrict  the  use  of  SPI  with 
aluminium  to  0.52mm. 

Conductor  Jo  in ting 

Aluminium  cable  is  used  bv  Telecom  Australia  in  con- 
junction with  existing  copper  cables  for  network 
extension  purposes.  It  is  jointed  to  copper  tail 
cables  to  permit  termination  at  field  cabinets  and 
exchange  main  frames.  Thus  the  associated  jointing 
system  must  be  capable  of  handling  copper  to  aluminium 
connections. 

The  corrosion  potent’al  of  the  combination  of  metals  is 
controlled  by  making  the  application  of  a dry  air 
pressure  protection  system  mandatory  for  paper  insul- 
ated aluminium  conductor  cables.  This  has  not  presen- 
ted a problem  since  gas  pressurisation  of  main  sub- 
scriber and  junction  cables  is  already  standard 
practice  in  Australia. 

The  difficulties  with  jointing  aluminium  lie  in  :- 

1.  The  rapidly  forming  insulating  coating  of  oxide 
AI2OJ  which  must  be  removed  to  effect  electrical 
connec  t ion, 

2.  The  relative  fragility  of  small  gauge  aluminium 
(0,52mm'  conductors  compared  with  their  copper 
counterparts. 

3.  The  notch  sensitivity  of  aluminium, 

4.  A wider  variability  of  the  tensile  and  elongation 
characteristics  of  cable  conductors  manufactured 
from  aluminium  in  comparison  with  copper. 

jointing  Methods 

The  simple  unsoldered  crank  twist  joint  which  has  a 
population  ir  the  hundreds  of  millions  in  existing 
copper  networks  is  not  directly  applicable  to 
aluminium  because  of  the  oxide  film.  However,  with 


the  addition  of  specialised  soldering  techniques 
including  zinc  enriched  solder  and  non  corrosive  oxide 
removing  fluxes,  twist  joints  may  be  made  to  provide 
satisfactory  electrical  connections.  This  method  is 
not  considered  an  adequate  solution  to  jointing 
aluminium  cables  today  because  of  the  escalation  of 
labour  costs. 

Jointing  methods  which  have  been  examined  and  field 
trialled  during  the  aluminium  cable  development  project 
inc  liide  : - 

1.  Soldering 

2.  Cold  Pressure  Welding 

3.  Flectric  resistance  welding 

4*.  Machine  applied  in  line  connectors 

a.  Wire  in  slot  type 

b.  Tang  type 

The  preference  for  mechanical  connectors  which  has 
emerged  from  the  work  is  based  on  ; 

1.  The  uniformity  of  the  electrical  connection  which 
they  pioduce. 

2.  The  inherent  productivity  of  the  jointing  machines 
with  which  they  are  applied. 

In  line  connectors  hoveever  produce  a variable 
mechanical  performance  between  individual  joints.  This 
characteristic  can  become  a serious  disadvantage 
particularly  where  the  conductor  material  is  EC  grade 
aiuTniTiium  which  is  very  sensitive  to  notching. 


A breakdown  of  the  jointing  methods  used  in  the  trials 
is  shown  in  Table  1. 


Trial 

Croup 

Conduc  tor 

Jointing  Method 

Series  1 
65/66 

0.63mm  FA  EC  Al 

0 . 6 3mm  *.  H A 1 

Twist  and  weld  or 
sleeve  and  crimp 

Series  2 
69/70 

0.52nm  FA  EC  Al 

A-MP  (Creenl* 

Series  3 
71 /7m 

I . llmm  FA  EC  Al 

0.52nm  FA  EC  Al 

Al/Al  twist  and  weld 
Al/Cu  twist  and  solder 
Uti lux  H2561** 

Series  4 

’m/75 

O.Almm  FA  EC  Al 

A-MP  (Red>* 

A-MP  (Mini  Brown)* 
Utilux  H2562** 

Series  5 
'5/ 

0.52mm  FA  EC  Al 

A-MP  (Mini  Pink)* 

Utilux  1125b2-l** 

Ef;erton  No,  6** 

* Wire  in  slot  Connector  - **  Tang  type  connector 

TABU  1 - Sl'MMARY  OF  JOINTING  METHODS 

Surrenary  of  Jointing  Experience 

The  jointing  experience  gained  from  the  Series  1 and  2 
trials  has  been  reported  previously.  Scries  2 had 
confirmed  that  the  smaller  diameter  0.52mm  fully 
annealed  conductor  could  be  made  into  cable  on  the 
existing  cable  making  plant  and  that  by  using 
connectors  the  jointing  productivity  could  be  lifted 
significantly;  to  higher  levels  in  fact  than  pertained 
with  manual  Jointing  of  copper.  They  also  showed  that 
handling  this  conductor  after  jointing  with  A-MP 
standard  green  connectors  carried  the  risk  of  an 


una^'ccptabl V hi^h  percentage  of  open  circuits  in  a 
completed  cable  installation.  Investigation  showed 
that  this  was  the  result  of  the  variability  and  notch 
I sensitivity  of  the  material  in  combination  with  the 

I wire  entry  geometry  and  absence  of  a stress  relieving 

mechanism  in  the  connector.  Work  was  commenced  to 
establish  an  improved  connector  and  to  investigate 
alloy  materials  for  this  small  gauge  conductor. 


It  is  of  interest  to  note  that  the  Series  2 trials 
involved  the  first  usage  of  any  magnitude  of  nuachine 
applied  connectors  in  the  Australian  main  cable  net- 
work; and  indeed  expedited  mechanisation  of  large  size 
copper  cable  Jointing,  There  are  sufficient  machines 
available  today  to  handle  collectively  the  2 and  I wire 
Jointing  of  all  gauge  combinations  and  there  is  little 
residual  need  for  hand  Jointing  in  copper  main  sub- 
scriber or  Junction  cables. 

Series  ^ trials  conducted  during  71/74  were  initially 
mounted  in  order  to  give  design  and  manufacturing 
experience  with  l.lSmm  EC  aluminium  conductors.  At 
that  time  none  of  the  existing  connector  systems  were 
capable  of  accommodating  this  large  diameter  conductor 
and  recourse  was  made  to  an  improved  welding  technique. 
Tooling  was  developed  specifically  for  the  purpose. 
Figure  I refers. 
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Figure  I - Conductor  Welding  Tool 

A1  to  Al  Joints  were  twisted  and  welded  by  this  method 
and  for  the  Al  to  Cu  Joints  at  loading  coil  and  term- 
inating cable  tails,  twisting  and  aluminium-soldering 
was  used.  It  was  recognised  that  the  Jointing  product- 
ivity would  not  be  great  but  this  was  accepted  to  gain 
the  required  design,  manufacturing  and  installation 
experience  with  this  cable  tvpe. 

The  trial  results  showed  that  the  welding  equipment 
plus  its  power  supplies  and  charging  facilities,  were 
relatively  expensive  to  provide  in  quantity.  The 
welding  handtool  required  frequent  cleaning  of  the 
electrodes  during  usage  and  was  prone  to  malfunction. 
Its  inability  to  handle  Cu/Al  Joints  was  an  obvious 
disadvantage.  The  electrical  performance  of  the  Al 
Joints  produced  was  very  good  however,  and  their 
mechanical  behaviour  presented  no  problems  as  could 
perhaps  be  expected  with  this  wire  diameter. 

The  results  of  laboratory  evaluation  work  on  a Utilux 
(Australian)  connector  applied  to  the  two  wire  Joint- 
ing of  0,52mni  iA  aluminium  conductors  became  available 
during  the  course  of  the  Series  i trials.  Two 
additional  projects  with  this  conductor  were  included. 
Results  showed  that  under  field  conditions  the 
mechanical  performance  of  this  connector  was  margin- 
ally better  than  the  A-MP  standard  connector  with  the 
same  conductor.  With  some  mod i f lea t ions  it  was 


expected  this  performance  improvement  could  be 
optimised.  Figure  2 refers. 
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Figure  2 - Breaking  Strength  0.52rren  FA  Aluminium 
Conduc  tor 


Series  4 trials  in  covered  the  mid  range  0.8Imm 

diameter  aluminium  conductor  which  is  the  electrical 
equivalent  of  O.bamm  copper,  the  most  commonly  used 
conductor  in  our  Junction  cables.  The  additional 
cross  section  of  conductor  over  an  0.52mm  wire  offered 
a higher  confidence  level  with  respect  to  the  notching 
problem  and  some  installations  were  jointed  out  with 
A-MP  (Standard  Red)  connectors,  A series  of  smaller 
A-MP  Mini  connectors  with  different  wire  entry  geometry 
to  the  standard  was  then  becoming  available  in 
addition  to  an  improved  I’tilux  connectoi  and  projects 
covering  O.^liren  wire  and  both  of  those  connectors  were 
included.  The  results  led  to  a decision  to  release 
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Type  of 

Conduc  tors 

Ratio  of  Joint 

7,  of  Batch  Which 
Failed  Within 

The  Joint 

Joint  Mean  B/S  (N) 

Ratio  of 
Standard 
Deviation  to 
Mean  ( / x) 

Mean  Cond 

Breaking 

Strength 

Conductor  Mean 
B/S 

Min. 

Mean 

Max. 

S.D. 

. 32  SPI  - .40  Pe 

100 

70 

20.0 

21.0 

0.36 

0.018 

20.08 

. 32  SPI  - .40  Pe 

100 

30 

20.0 

20.53 

21.0 

0.009 

20.08 

.64  SPI  - .64  Pe 

100 

0 

79.  35 

81.0 

1.07 

0.013 

79.00 

.40  SPI  - .40  SPI 

99,8 

65 

31.18 

31.5 

0.66 

0.021 

31.25 

.6*4  Pe  - .64  Pe 

100 

0 

78.0 

80.  iO 

82.0 

1.16 

0.014 

79.00 

.40  Pe  - .40  Pe 

100 

55 

30,0 

31.65 

33.0 

0,63 

0.020 

31.25 

. 32  SPI  - . 32  SPI 

96.0 

60 

13.0 

19.28 

20.5 

1.68 

0.087 

20.08 

.64  SPI  - .64  SPI 

100 

15 

so.o 

60.13 

80.5 

0.22 

0.003 

79.00 

.81  SPI  - .64  Pe 

95.4 

0 

34.5 

3'. 10 

43.5 

2.  34 

0.063 

38.89 

.S2  SPI  - .40  Pe 

9 1.8 

25 

12.0 

20.5 

2.4S 

0.  140 

19.25 

,52  SPI  - .81  GPI 

89,5 

45 

1 3,5 

17.23 

20.0 

2.53 

0.  146 

19.25 

.81  SPI  - .81  SPI 

90.  1 

0 

34.5 

35. 10 

57.0 

0.58 

0.017 

38.89 

,52  H - .52  H 

100 

10 

14.73 

16.5 

1.19 

0.081 

14.68 

.40  SPI  - . 32  H 

99,  1 

5 

S.2 

9.  38 

9.8 

0.  16 

0.01? 

9.4^ 

.40  SPI  - .*40  SPI 

SI. 2 

0 

S.5 

8.83 

9.0 

0.24 

0.027 

9,47 

.40  SPI  - .40  Pe 

93.4 

0 

S.5 

.8.90 

9.0 

0.028 

9.47 

.52  SPI  - .40  Pe 

100 

0 

15.5 

16.46 

21.0 

1.10 

0.067 

15.95 

. 52  SPI  - .81  SPI 

100 

0 

15.9 

16.78 

22.0 

1.40 

0.083 

15.95 

.81  H - .81  H 

55 

4^.5 

48.75 

0.64 

0.013 

49.42 

.52  SPI  - .52  SPI 

55 

15.3 

16.03 

16.8 

0.  34 

0.021 

15.95 

table  2 - BREAKING  STRENGTH  TEST  RESULTS  FOR  I'TILl'X  H2562-1  CONNECTORS 

NOTES:  In  each  case,  20  samples  were  tested.  Aluminium  conductors 
are  underlined. 

SPI  = Sealed  Paper  Insulation 
Pe  = Polye  hylene  Insulation 
H * Helical  Paper  Insulation 


the  cable  for  general  use  in  junction  applications. 
Subscribers  main  cable  applications  were  excluded  as  it 
was  not  then  possible  to  reliably  joint  O.SIfTffn 
aluminium  to  0.40mm  PEIl'T  pillar  and  cabinet  tails  to 
specified  levels  of  performance. 

Series  By  mid  l^"*)  the  optimisation  of  a I’tilux 

Connector  biassed  toward  0,52mm  aluminium  had  produced 
the  type  H2562-1  which  under  bench  testing  exhibited 
better  mechanical  performance  than  had  been  achieved 
with  anv  previous  connector  on  this  small  diameter  EC 
grade  conductor.^  (Refer  Table  2).  This  type  and  also 
the  A-MP  Mini  Pink  and  the  PPO  No.  6 connectors  were 
used  on  a series  of  projects  to  establish  whether  the 
notching  problem  could  be  controlled  in  the  field  to  a 
level  where  routine  use  of  the  conductor  could  be 
established.  All  of  the  results  are  not  in  for  these 
trials  but  the  early  indications  were  such  that 
controlled  usage  under  surveillance  was  undertaken. 

Connector  Design 

The  function  of  a connector  are 

1,  To  penetrate  the  in  situ  conductor  insulation. 

2,  To  enter  into  the  conductor  material  removing  by 
abrasion  any  oxide  film. 

1.  To  provide  a high  integrity  electrical  connection. 


5. 


To  maintain  the  connection  for  the  life  of  the 
cable  plant,  by  virtue  of  stresses  produced  in  the 
metal  elements  during  crimping. 

To  provide  insulation  of  the  connection  from  other 
conductors  etc.,  in  the  cable. 


A connector  is  very  much  a device  tailored  to  the 
conductors  it  is  to  joint.  Its  critical  dimentions  are 
determined  by  the  conductor  diameter,  material 
characteristics,  and  the  thickness  and  type  of  its 
insulation.  As  an  indication  it  is  generally  accepted 
that  three  sizes  of  connectors  with  overlapping 
diameter  ranges  are  needed  to  joint  paper  insulated 
copper  telephone  conductors  in  the  diameter  range 
between  0.  52iTin  and  0,90nm, 

To  accept  aluminium  wires  manufactured  on  a resistance 
equivalence  to  copper  basis  requires  an  extension 
upwards  of  approximately  307.  in  the  capacity  of  each 
connector  size  or  else  the  ability  to  joint  certain 
commonly  required  gauge  combinations  in  mixed  Al/Cu 
networks  will  be  lost. 

Preferred  sub  ranges  are  thus  ; 0,32  - 0,52mm 

0.40  - 0,81mm 
0,51-  1.1 5mm 

The  Australian  Specification  (No.  1133)  for  connectors 
to  joint  large  size  gas  protected  cables  has  the 
following  requirements 
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I .  Initial  Resistance 

The  connection  resistance  measured  between 
^Omm  apart  on  the  jointed  conductors  shall 
the  following  values  : 


0,  Cu  - N mill  iohms 
0,‘4l>nir  I u - 10  mill  iohms 
0,  *>2^*0  Al  - 10  mi  11  iohms 
O.^lmmCu-  ’’mill  iohms 


two  points 
not  exceed 


O.b^mm  Cu  - 5 milliohms 
O.Slmm  Al  • 5 milliohms 
O.^^Omrr.  Cu  - ^ milliohms 
l,l5nin  A I - 4 milliohms 


2.  Resistance  After  Thermal  Cycling 

The  cot.-se  tion  resistance  measured  similarly  shall  not 
exveed  the  initial  value  plus  2 milliohms  for  any 
conductor  combination  after  the  joints  have  been 
submitted  to  2^  thermal  cycles.  Each  cycle  shall 
consist  of  •**>  minutes  at  65  C followed  by  the  same 
period  at  -15  C with  a transfer  time  between  the  two 
temperatures  of  not  more  than  3 minutes. 

3.  Mechanical  Strength  of  Connection 

The  mean  breaking  strength  of  a sample  of  twenty  joints 
shall  not  be  less  than  80"  of  the  mean  breaking 
strength  of  a sample  of  ten  unjdinted  wires.  The 
minimum  not  being  less  than  707». 

4.  Insulation  Resistance 

The  insulation  resistance  of  joints  shall  be  not  less 
than  100,000  Megohms. 
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5 .  Die lec  tr ic  Breakdown 


TABIE  3 - JOINTING  CAPABILITY  OF  UTILI’X  CONNECTORS 


The  dielectric  breakdown  strength  of  joints  shall  not 
be  less  than  lOOOV'  DC, 

The  jointing  experience  gained  during  the  trials  with 
locally  manufactured  connectors  on  aluminium  has  been 
progress i ve ly  incorporated  in  connector  designs  to 
establish  a range  of  3 Utilux  connectors  designated 
for  simplicity  as  Yellow,  Red  and  Blue.  These  are 
small  "in-line”  type  connectors  some  I5mm  long.  The 
material  is  brass  post  plated  with  tin  after  the 
punching  and  forming  operations  are  complete.  A 
connector  joint  is  shown  in  Figure  3 and  their  wire 
jointing  capability  with  respect  to  copper  and 
aluminium  conductors  of  Australian  origin  are  shown 
in  Table  3. 


NOTE: 

I.  * Use  limited  to  installation  of  cable  under 

surveillance  of  State  Aluminium  Co- 
ordinators. 

II,  The  H2563-1  connector  cannot  be  used  to  joint 
0.90nin  copper  conductor  with  polythene 
insulation  thicker  than  0.35mm. 

The  mid  range  Red  connector  wh’ch  accepts  0,40nin  to 
O.Slmm  wires  is  shown  in  Figure  4 and  again  with  its 
side  walls  lowered  to  show  the  contact  arrangement  in 
Figure  5,  Tangs  of  reducing  height  and  flattened 
profile  at  the  outer  edges  of  the  connector  provide 
stress  relief  for  ll.e  parts  of  the  conductors 
significantly  notched  to  form  the  electrical 
connection.  The  hardness  of  different  areas  of  the 
connector  is  controlled  during  manufacture  to  achieve 
the  desired  performance  of  the  tangs  during  crimping. 


The  crimp  is  of  a full  roll  configuration  to  prevent 
relaxation  of  the  contacts  with  time  and  temperature 
variation. 


FIGURE  3 - Crimped  Connector  (H2562-1  RED) 


Figure  4 - Utilux  H25b2-1  Red  Connector 
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0 5 10  15 


FICl'RF  5 - H2562»I  Connector  with  Side  Walls 
\ owe red 

A choice  of  manually  operatejd  or  elec  tro-hydraul  ically 
operated  machines  is  available  to  crimp  the  connectors 
which  are  supplied  in  reels  of  1000  in  strip  form.  A 
manual  machine  is  illustrated  in  Figure  h. 


A total  of  J*'  individual  field  irla*  table**  including 
both  subscriber  and  junction  cables  have  been  Installed 
since  the  first  O.bltnn  lead  sheathed  cables  in  1965. 

All  have  been  maintained  under  gas  pressure  and  all  are 
still  in  servile.  Thire  fault  history  has  not  been 
different  to  similar  copper  cables. 

During  19-0  oni  of  the  original  |9o5  Itad  sheathed 
cables  developed  a gas  leak  in  the  l<ad  sheath  due  to 
corrosion  and  it  was  necessary  to  replace  a length  of 
cablt.  Conductors  from  a section  of  the  recovered 
cable  were  me ta 1 1 urgi ca 1 1 y examined  and  nc  corrosion  or 
other  deterioration  was  detected  in  any  of  the  con- 
ductors examined, 

Sa^J_n^ 

The  extent  of  savings  offered  by  aluminium  cable 
depends  primvirily  on  the  cost  differential  between 
copptr  and  aluminium.  The  price  of  copper  has 
fluctuated  for  most  of  the  period  since  1964  and  an 
average  Australian  price  of  SAl , 300/tonne  has  been 
forecast  for  l9*^7-7^,  The  average  price  of  aluminium 
has  risen  each  year  since  1971  and  an  average  price  of 
SA9S5/tonnc  is  txpicled  for  I97--7S.  (The  rate  for 
the  Australian  $ for  August  197*’  |s  approximately 
SAI.OO  equals  $rSl.l025),  At  these  prices  attractive 
savings  in  the  purchase  price  of  aluminium  cable 
compared  with  copper  as  shown  in  Table  4,  are 
ava i labl e. 


FTGURF  6 - lointing  Marhine  (Manually  Operated) 

fjuality  Control  of  Field  Jointing 

A simple  field  instrument  which  measures  the 
resistance  of  joint  samples  made  prior  to  commencing 
a large  size  cable  joint  provides  "field'*  quality 
assurance  by  checking  that  the  machine  type  in  use  is 
in  correct  adjustment  and  Is  producing  joints  of 
satisfactory  electrical  performance  within  resistance 
limits  specified  for  the  type  of  cable  conductors 
concerned.  ^ 


Cable  Size 
400/1. 15nfti 
150/1, 15mm 
SOO/0. Slmm 
150/0. blmm 
IROO /0.52mm 
bOO/O. 52mm 
150/0.52 


Saving  (%) 
12 

7.5 
II. 5 

6.5 

7.5 

6.5 
-1 


TABLK  4 - Savings  Related  to  Cable  Size 

The  savings  on  maximum  size  cables  i.e.  •♦00/1, 15im, 
S0(V0.Slmin  and  IbOO/0. 52mn,  can  be  obtained  from 
Figures  « and  9 respcclivtly  for  metal  prices  in 
t e ranges,  copper  $A'’00-2 ,000/tonne  and  aluminium 
5A‘^00-1 ,200. 

It  is  considered  that  the  savings  derived  from  the 
figures  arc  conservative  and  will  increase  when  a 
greater  proportion  of  cable  used  is  aluminium. 

It  Is  worth  noting  that  at  1973  average  prices  of 
copper  $A1 ,240/tonne  and  aluminium  $A580/tonne  the 
savings  on  a I , SOO/0,  52tt»ii  cable  was  2 3%  on  an 
H00/0,81mm  cable  337.,  and  on  a 400/1, 15mm  cable  3b7,, 

Since  routine  use  has  started  110,000  Pkm  of  0,81nm 
and  20,000  Pkm  of  0.52mm  aluminium  cable  has  been 
supplied  at  a saving  of  approximately  $A265,000, 
Currently  Telecom  Australia's  monthly  large  size  paper 
cable  order  containes  or  an  average  over  20%  aluminium 
cable.  This  will  increase  as  the  field  user  gains 
experience  and  confidence  in  aluminium  cable.  The 
introduction  of  i.lSnm  cable  will  further  increase  the 
proportion  of  aluminium  cable  used. 
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%AGE  SAVING  FROM  THE  PURCHASE  OF  M5mm 
ALUMINIUM  CONDUCTOR  CABLE 


FIGDRE  7 


%AGE  SAVING  FROM  THE  PURCHASE  OF  O-SImm 
ALUMINIUM  CONDUCTOR  CABLE 

FIGURE  ^ 


Duct  Costs 

Aluminium  cables  occupy  more  duct  space  than  the  same 
pair  size  copper  cables.  This  extra  space  is  of 
little  consequence  except  where  a project  would  have 
used  copper  cable  containing  more  pairs  than  the 
largest  useable  aluminium  cable.  Here  the  cable 
savings  would  often  be  more  than  offset  by  a need  to 
carry  out  subsequent  cable  instal lations  more 
frequently,  thereby  using  more  duct  space  and 
advancing  the  date  at  which  additional  ducts  would 
have  to  be  provided.  PV  of  AC  methods,  as  discussed 
in  the  1970  paper,  provide  tools  for  studying  such 
situations,  but  are  tedious  to  apply  to  individual 
projects  and  provide  results  that  are  heavily  dependent 
on  predicted  interest  and  nflation  rates  and  on 


% AGE  SAVING  FROM  THE  PURCHASE  OF  0*52  mm 
ALUMIN/UM  CONDUCTOR  CABLE 


FIGURE  9 

predicted  duct  installation  costs.  The  latter  have 
risen  rapidly  from  an  average  of  $5, 600/duct  km  in  1970 
to  $9, 900/duct  km  in  1976,  To  overcome  these  problems 
the  principle  being  adopted  in  Telecom  Australia  is  to 
use  aluminium  whenever  the  installed  cost  of  the  cable 
per  pair  is  less  for  aluminium  than  for  copper  provided 
the  use  of  aluminium  dows  not  result  in  the  duct  route 
requiring  augmentation  in  less  than  15  years.  This 
principle  is  expected  to  adequately  allow  for  the  value 
of  the  additional  duct  space  used  by  aluminium  and  will 
result  in  a continuing  use  of  large  pair  size  copper 
cables. 

Future 

We  have  thus  reached  the  stage  in  Telecom  Australia 
where  we  have  a range  of  large  size  aluminium  cables, 
and  their  accompanying  installation  practices,  that 
will  continue  to  be  used  while  metal  prices  and  other 
cable  manufacturing  costs  are  such  that  the  use  of 
these  cables  is  economically  attractive.  The  pro- 
cesses for  paper  insulated  copper  and  aluminium  cables 
are  so  similar  that  it  is  possible  to  change  the 
proportion  of  aluminium  used  quite  quickly  should  the 
price  differential  change  significantly,  or  should  a 
shortage  of  either  metal  occur. 

It  is  anticipated  that  the  use  of  EC  grade  FA  aluminium 
conductors  with  paper  insulation  will  prolong  the  use 
of  both  helical  and  longitudinal  paper  insulation  in 
Australia,  The  decision  to  use  this  material  for  the 
smaller  0.52mm  conductor  cables  in  lieu  of  a more 
robust  alloy  wire^  has  been  based  on  cost  coupled  with 
the  experience  which  has  demonstrated  an  ability  to 
joint  the  conductor  in  the  field.  However,  as  labour 
costs  increase,  the  slower  paper  insulating  processes 
become  less  competitive,  compared  with  high  speed 
cellular  plastics  extrusion.  As  the  tensile 
properties  of  EC  grade  aluminium  are  not  suitable  for 
high  speed  extrusion  processes,  cellular  plastics 
insulation  will  require  the  use  of  aUoy  which  would 
be  more  expensive  than  EC  grade.  Cellular  plastics 
will  therefore  only  become  economically  attractive 
when  the  cost  of  aluminium  alloy  or  copper  insulated 
with  this  material  is  comparable  to  EC  grade  Fa 
aluminium  insulated  with  paper. 
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Londor.,  England 


Abstract 

Tlu'  British  Post  Office  plan  fcr  a near  complete 
change  to  aluminium  conductors  in  local  loop 
cables  is  described.  The  long  term  aim  is  a true 
unigauge  network  using  only  0,‘^.mm  aluminium 
cables.  The  economic  case  for  changing  to 
aluminium  conductors  is  restated.  The  designs 
of  cable  used  are  discussed  with  particulaj’ 
reference  to  ways  of  overcoming  the  problem  of 
the  extra  size  of  aluminium  cables.  For  the 
aluniini’um  cquivalcni  of  0.4mm  (26  gauged  copper 
cables  the  mutual  capacitance  is  beii^g  increased, 
this  having  no  operational  disadvnntag*  in  the 
’'ni*-d  Kit^gdora  networx.  Laiger  gauge  copper 
conductors  will  hv  subs  ituted  by  0.t)mm 
aliiminium  conductors  with  their  performance 
enhanced  by  loop  electronics.  The  solutions 
adopted  to  solve  a number  of  practical  problems 
are  described.  An  indica‘ion  is  given  of  the 
r-  -iucticn  -f  cable  costs  alreaily  achieved  and 
* ■ be  expected  in  thi‘  future.  No  counter 
incr*  asrs  in  operating  costs  ziave  been 
exp».'rienced  and  none  are  foreseen. 

Introduction 

1 Use  by  the  British  Post  Office  (BPO)  o*‘ 
cables  with  alumini’im  conductors  on  a large  scale 
started  in  19^’“^  when  they  became  a standard  for 
sc'm'^  local  loop  filled  distribution  cables, 
dm'-  a change  to  almninium  alloy  conductors 
cxp^-Tieiice  with  these  has  been  wholly  satisfactory 
and  in  1976  the  BPO,  with  th**  cooperation  of  the 
Unit*-d  Kirvrd^'m  ('Kl  telephone  cable  industry, 

*’  rmulated  a ■ year  plar*  for  an  almost  complete 
ch  ing<.  to  alumiruum  c,  iiductor  cabl-.  s for  local 
1 po.  The  ultimate  aim  is  to  move  gradually  to 
a truf  uniA^auge  n*  twork  usin^t  -uily  cables  with 
,‘^mm  {2A  aluminium  conductors.  The  1976 

plan  for  th^*  change  to  alumini  m conductors, 

:hown  in  Pigui'f  1,  recognised  that  there  were 
;:till  problems  to  solve  before  the  change  could 
b>-  compl'  t'  J,  and  that  there  v;cre  doubts  about 
the  timirig  of  individual  steps  n the  program 
and  ••veji  in  th-  .rd';r  of  the  st*. p-, 

W-,;/  Use  Alumit.ium? 

Th'  case  for  changing  from  copper  to 
al'iminium  conductors  is  largely  economic  and  is 
ma.1'  by  Figure  ?.  For  equal  conductivity,  over 
th  lart  y ars  tli-  c<^.:t  f aluminium  has 


always  been  less  tlian  half  that  of  copper,  and 
a reasonable  projection  would  suggest  a future 
cost  as  low  as  one-quarter  that  of  copper. 

Ttie  dramatic  difference  in  cost  between 
aluminium  and  ccpp».r  is,  of  course,  reduced 
when  complete  cables  are  compared.  Figure  3 
shows  a typical  cost  breakdown  and  indicates 
that  a cost  reduction  for  complete  cables  of 
?0-25a  is  to  be  expected.  The  precise  value 
would  depend  upon  conductor  gauge,  number  of 
pairs,  etc. 

Cable  Design  Considerations 

3 A general  problem  posed  by  the  use  of 
aluminium  conductors  in  telephone  cables  is 
that,  for  equal  conductivity,  they  are  60^ 
greater  in  cross-s*'‘ctional  area  t)ian  copper 
conductors.  For  a giv-:n  mutual  capacitance 
insulation  thickness  is  directly  proportional 
to  conductor  diameter,  so  that  complete 
aluminium  cables  with  the  same  primary  electrical 
constants  also  have  greater  cross-sectional 
areas  than  copper  cables,  le  they  are  about 

greater  in  diameter.  The  increased  cost  of 
insulatiiig  and  sheathing  materials  is  not  very 
important,  assuming  the  use  of  polyethylene 
sheaths,  because  the  combined  costs  of  insulat- 
ion and  sheath  are  small  \:hen  compared  with  other 
costs,  as  indicated  by  Figure  3»  but  the 
increased  cable  diameter  has  economic  disadvan- 
tag'-S  when  cables  are  to  be  installed  in  an 
existing  duct  network  which  has  been  dimensioned 
with  the  expectation  that  smaller  copper  cables 
wer*.  to  be  used. 

4 The  proble  of  increased  size  of  aluminium 
conductors  can  b<.‘  alleviated  by  suitable  choice 
of  the  primary  cable  constants  in  some 
circumstances.  l<ocal  loop  cables  have 
traditionally  been  msuiufactured  with  a mutual 
capacitance  of  5^'”6^»F/km  regardless  of  gauge. 
This  18  presumably  because  such  a design 
resulted  in  the  most  cost  effective  cables  when 
Ci.nductors  w«,re  paper  insulated  copper,  and 

sh  aths  were  made  of  l«.a».i.  Figure  4 indicates, 
however,  that  for  cables  made  from  modern 
material,  a mutual  capacitance  of  50-5!'nP/km 
IS  not  ideal  for  copper  conductors,  and  that 
cables  with  aluminium  conductors  should  be 
manufactured  with  a mutual  capacitance 
considerably  higher  than  the  ideal  for  copper. 
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A corollary  of  ccustant  mutual  capacitance 
dcaif^n  is  that  the  ratio  of  resistance  to 
atteiiuati  *11,  for  unit  len^Xth,  t):--  rharact^riy- 
t’.o  impedanc'os  of  caMos  vary  with  ^au^e.  The 
ITC  telephone  system,  anci  probably  many  others, 
has  been  desi^icned  with  line  limits  based  on  the 
ratio  v'f  resistance  to  attenuation  of  cables  of 
larger  gauge  than  are  now  ceimnonly  used.  In 
consequence  cables  with  OOr’mni  gauge)  arvl 
‘.dmm  (2o  gauge)  copper  conductor's,  which  it 
is  now  po  ssible  t.-  use  for  many  lo>.  ps  because 
of  increases  in  telephone  sensitivity,  are 
resistance  limited  when  manufactuz'ed  with  the 
traditional  mutual  capacitance.  Advantage  cai^ 
be  taken  of  this  when  designing  aluminium 
equivalents  of  cables  of  these  gauges  by 
increasing  the  mutual  capacitanc-  , and  so 
reducing  cable  diameters,  without  operational 
penalty.  It  is  to  bt-  noted  that  the  drvice  of 
increasing  the  mutual  cai.>aci tance  of  cables  is 
not  applicable  in  the  UK  network  when  substitut- 
ing aluminium  conductors  for  copper  gauges 
larger  than  '.-'.mm  ar\d  other  means  have  tv'  be 
adopt«-d  fv-r  overccmitg  th.  sic.e  disadvai:ta<Te  of 
aluminium,  as  discussed  latir. 

'■  The  change  :n  cable  imp*  dance  which  fellows 
fr^m  incr'asuvT  the  mutual  capacitance  of 
aluminium  equivalents  .f  the  small  gauge  ci.iper 
cables  bon-  fi*s  tt  lnph-'n*  side  tone,  Tlie  BPC 
standard  tt‘l»p)i  ne  e.rcuit  was  designed  to 
pr.  vide  minini'vim  si,!"  torje  v:hen  cinrv  cted  tv-  a 
limiting  lin^  :f  '.^mm  (?’  gauge''  copper  and  the 
use  of  smaller  gauge  copper  conductors  with  the 
traditional  mutual  caj. acitar^cc  results  in  an 
undesirable  increase  m side  tone.  Recent  blK' 
research  into  subject  iv*  t.  b-ph' no  asseacm*  nt 
indicates  that  the  impv  r tance  of  side  tone  is 
seriously  under-estimated  by  standards  based 
on  loudness  alvuie^  and  control  f local  network 
impedances  is  likMy  t-  become  increasiiv’'ly 
1 -ortant  in  the  futur-  , favouring  use  of 
aluminium  as  a substitute  for  copper  in  the 
smaller  gauge  cables. 

Problems  and  Solutions 

7 It  IS  convenient  to  cozisider  the  problems 
posed  by  the  program  outlined  in  J-hgure  1,  and 
the  solutions  ado];ted  or  propesed,  in  S basic 
steps. 

Step  1 - Distribution  Cables 

In  the  UK  1 >cal  netwerK  these  are  cables  of 
100  pairs  or  less  connect itig  subscribers  to 
cross  connection  points  (ready  access  terminals'*. 

■ hr.c.  Pf'cause  these  cables  contain 
relatively  few  pairs  and  arc  provided  in  d\ict  of 
ample  capacity,  or  an*  directly  buri'-d,  their 
size  is  relatively  unimportant. 

Moisturt-  Pene  t rat  ion.  Aluminium  is  vulnerable 
to  moistui'e  in  ^he  presence  of  a pv'larisirvT 
voltage.  However,  experi'’nce  has  demonstrated 
that  such  conditions  are  e«]ually  disastrous  for 
copper  conduct. 'rs,  even  when  insulated  with 


polyetijylene,  Ttje  solution  for  small  cables, 
now  thoroughly  pi’oven,  is  to  insulate  the 
conductors  with  cellulai'  pclyethylen*  and  to 
completely  fill  the  cable  interstices  with 
petroleum  jolly. 

Wire  Jointm:.  Traditional  twist  joints 
ai’c  unacceptable  for  alunjiniuni.  W*-lded  joints 
and  soldered  joints  have  been  tried  by  the  BP*' 
with  limited  success.  J-ints  mavie  with  "B-wirc” 
connecters  have,  however,  IxM-n  proven  fully 
satisfactory  by  acceli-rat-'d  life  tests  and  by 
nearly  1o  years  of  field  •xperience.  liince  the 
l<-wire  connectors  are  also  ik'‘W  the  standard 
methc<i  of  jointing  coppei*  conductor;’  in  the 
distribution  netw.'i’K  their  use  does  net 
oonstituto  an  extra  I’equirement  fv  r al-injinium. 

TVM’mination  at  Cross  Coimection  Points.  'Il.e 
latest  standard  BPu  prav'tice  for  cross  connection 
cabinets  is  to  pass  the  cable  conducts  rs  through 
identification  Jioles  in  fanning  strips,  and  to 
intercomiect  them,  cither  directly  or  indirectly 
by  jumpers,  usin^r  h-wire  connectors.  Early 
aluminium  cables  with  conductors  made  from 
hard  electrical  conductivity  (EC^  grad.c 
material  wore  not  considered  sufficiently 
ductil;  for  this  practice.  Aluminium  alloy 
conductors  have,  however,  proved  I'ully 
satisfactory  and  are  now  terminated  in  exactly 
the  same  way  as  cop^'or  conductors. 

Screw  Terminations.  Aluminium  conductors 
are  not  suitable  for  direct  termination  beneath 
screw  heads  because  of  problems  with  relajcation 
and  oxidation.  Tiie  long  term  solution  will  bo 
the  development  of  now  typo  termmals,  but  as 
an  interim  measure  aluminium  conductors  are 
being  terminated  indirectly  by  interposing  a 
short  copper  tail  conm'cted  with  a IWire 
conn*  c t or. 

Stop  ? - Main  Feeder  Cables 

9 Tliese  are  cables  of  100  pairs  oi'  more, 
connect! ivt  cross  connection  points  to  telephone 
exchan^Tos  (central  offices). 

Si ze . If  th«*  cables  were  flectrical  copies 
of  copper  cables  the  increase  in  cable 
diameter  would  be  unacceptable.  Tlie  solution 
for  replacement  of  0.*lmm  copper,  now  the  most 
*'ommon  feeder  cable  gaug*  , in  to  increase  the 
mutual  capacitance,  as  discussed  in  paragraph 
By  using  a mutual  capacitance  of  POnK/km  with 
‘.'^mm  aluminium  conductors  an  operational 
replac''m<’nt  has  been  achieved  with  negligible 
size  penalty. 

Moisture  Pen-’ 1 rat  I'-n.  Fxp«-’ri'*nee  with 
aluminium  distributi^ui  rabies  has  prv'V**d  petroleum 
jelly  fiHirv:  to  b-  a c*mpl*'tf’ly  sa+ ls^aet^'ry 
r.vhiti  't..  H.-wcv*'r,  ^h-  1^'*  iner'as.  in  cabl* 

dKim-'tfr  n<'cossary  tv  maintain  the  r^quir-ul  mutual 
capacitanc*-  v.as  cvuisivi*-?'*’ 1 unav^cci  ♦aM*’  fv  r m:uzi 
feeib  r rablen  in  th*-  'K  circumatanc*.-  v t*  an 
••xintnvT  and  limit*-d  iluct  nctW'-rk.  AlSs  , th*' 
additi.nal  iMsulati.-n  an<i  sh-'at.h  ma’^-Tialc  would 
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have  reduced  the  cost  aiivaiitage  of  aluminium  by 
about  S't',  which  was  undesirable.  Fortimately 
analysis  of  maintenance  statistics  for  the  main 
feeder  network  revealed  that  modern  polyethylene 
sheathed  cables  protected  by  an  air  pressure 
system  are  largely  immune  from  moisture  penetra- 
tion. Bearin^^  in  mind  the  improvement  to  be 
expected  tYcra  the  introduction  of  injection- 
welding  sheath  closure  techniques  it  was 
considered  that  non— filled  (dry)  feeder  cables 
were  the  most  cost  effective  solution,  for  the 
IK.  It  is  recognised,  however,  that  in  other 
circumstances  filled  cables  would  be  the  prefei'- 
red  solution  for  both  copper  and  aluminium  cables. 

Wire  Joint:?:,-'.  Use  of  B-wire  connt-ctors,  as 
for  distril'ition  cables,  is  a possible  solution 
to  the  problem  of  jointing  aluminium  main  feeder 
cables,  but  the  connectors  are  rather  bulky  when 
used  in  large  numbers.  As  a preferred 
alternative  a new  crimp  has  been  developed  for 
use  with  the  Bpi  in-line  jointing  mat^hine.  TJie 
crimp  IS  multi-purpose,  suitable  for  both  copper 
and  aluTiinium  conductors  with  diameters  in 
the  range  0. 32-<.'.6imm.  Its  performance  has 
been  proved  in  accelerated  life  tests  am  field 
trials. 

Termi;.ation  at  Cross  Connection  Points. 
Althou.'h  the  termination  of  filled  distribution 
cables  in  the  new  famiing-strip  cross  connection 
points  1 a proved  practice  the  termination  of 
dry  feeder  cables  was  open  to  question. 

Accelerated  life  tests  and  fi  Id  trials  have 
removed  the  doubts,  however,  and  the  termination 
of  dry  aluminium  conductors  is  now  a standard 
prartic*  . The  use  of  filled  B-wiro  conn'-‘'ctors 
is  a ben*  ficial  factor. 

Terminati -n  on  Exchange  y^ain  IVames.  It  is 
believed  that  satisfactory  wire  wrapping 
techniques  will  be  develop^^d  for  alumitiium  alloy 
conductors.  However,  field  tests  have  not  been 
in  progress  long  enough  for  the  technique  tc  be 
introduced  as  a standard  practice,  and  copper 
tail-i'ables  are  being  used  as  an  inti  rim  measure. 

Step  3 - Armoured  Cables 

1 These  are  standard  distribution  cables 
atiditionally  protected  by  a layer  of  steel  wires 
and  a further  polyethylene  sheath.  Hiey  are  used 
when  cables  are  buried  directly  in  the  ground, 
without  duct. 

Uw  Extenoibi  1 1 fy . PJarly  distribution  cables 
using  5 hard  EC  grade  aluminium  conductors  were 
not  considered  suitable  for  protection  with  steel 
wire  armoui'.  Decaus*'  of  the  low  extension  of 
the  material,  of  the  order  of  1^',  it  was  feared 
that  if  installation  practices  w*’re  abused 
conductor  breaks  could  occur  before  possible 
excessive  pulling  lt)ads  were  taken  by  tlie 
armouring  wires.  The  problem  was  solved  by  the 
change  to  aluminium  alloy  conductors  which  have 
an  extension  of  about  10^  before  break. 

• 


Step  - Aerial  Cables 

11  Self-supporting  aerial  distribution  cables 
of  ”figure-of-<.*ight”  construction  are  used  by 
the  BPO  in  rural  areas. 

l^ti^rue*  Tests  on  cables  using  J hard 
EC  grade  aluminium  conductors  showed  that,  unlike 
copper,  these  had  a finite  fatigue  life  when 
tested  in  conditions  simulating  aerial  use. 
Aerial  cables  with  these  conductors  were  not, 
therefore,  adopted  as  a standard  despite  some 
satisfactory  initial  experience.  This  problem 
was  also  solved  by  the  change  to  aluminium 
alloy  conductors.  Teats  on  cab.es  with  alloy 
conductors  indicated  that  they  had  an  apparently 
unlimited  life  when  subjected  to  the  tests 
which  had  revealed  the  shortcomings  of  the 
4 hard  KC  grade  mfiterial. 

3tep  . - Cables  for  Long  Loops 

12  Some  subscribers  loops  require  the  use  of 

copper  conductors  of  O.^mm  (24  gauge),  C.63nini 
(22  gauge)  or  (19  gauge  diameter  for 

part,  and  in  the  extreme,  the  whole  of  routes, 
to  allow  transmission  and  signalling  limits  to 
be  met. 

Size . The  device  of  increasing  the  mutual 
capacitance  of  operationally  equivalent  cables 
with  aluminium  conductors  is  not  applicable 
because  cables  of  gauges  greater  than  0.4mm 
are  transmission  limited.  Cables  with  aluminium 
conductors  must,  therefore,  carry  the  full  size 
penalty  inherent  in  the  material,  and  this  is 
unacceptable  for  the  UK  feeder  network.  The 
solution  proposed  is  to  eliminate  the  need  f^r 
gauges  larger  than  .^mm  aluminium  by  the  use 
of  loop  electronics.  At  pros  ■>nt  day  costs,  and 
for  IK  loop  lengths,  it  is  uneconomic  to  use 
electronic  devices  on  all  pairs  in  a cable. 

Their  use  can  be  justified,  however,  where 
they  enable  gauges  to  be  reduced  not  only  on 
the  lor.g  loops  to  which  they  are  connected  but 
also  to  many  shorter  loops  which  would  other- 
wise be  over-gauged  because  of  the  presence  of 
a few  long  loops.  It  might  be  thought  that 
aluminium  conductors,  being  cheaper  than 
copper,  reduce  the  competitiveness  of  loop 
electronics.  However,  since  in  the  IK  main 
network  the  choice  is  between  copper  conductors 
and  small  aluminium  conductors  with  electronics 
the  two  developments  compliment  each  ether. 

Progress  with  the  Implementation 
of  the  Pi'  gi^ari 

13  Progress  has  been  brt*adly  in  line  with  the 
timescale  of  Picture  1.  The  change  to  aluminium 
conductors  in  distribution  cables  is  sub- 
stantially complete,  88^  of  the  non-arraoured 
cables  purchased  in  1976  having  aluminium 
conductors.  Ihe  residual  is  accounted  for  by 

2 pair  cables  termyiated  on  screws  in 
subscribers  premises,  for  whicn  copper  conduct- 
ors will  bo  used  until  a terminal  suitable 
for  aluminium  has  been  developed,  and  by  cables 


for  which  the  lar^rer  fiaxxgc  copper  conductors  are 
essential  for  transmission  and  signalling  pending 
the  availability  of  loop  electronics. 

14  The  change  to  aluminium  conductors  in 
armoured  and  aerial  cables  has  been  initiated 
too  recently  to  be  reflected  in  purchases.  A 
penetration  similar  to  that  for  unarmoured 
distribution  cables  should  be  achieved  in  about 
a year. 

15  Tile  char.ge  to  O.^mm  aluminium  conductors  in 
place  of  0.4mm  (06  gauge)  copper  conductors  in 
main  feeder  cables  is  being  made  on  a Region  by 
Region  basis.  All  Regions  arc  now  plannir.g  to 
use  O.'^mm  aluminium  main  cables  and  over  half 
the  Regions  arc  now  actively  installing  them. 

16  Overall,  ap‘'proaching  half  the  loop  kilometres 
of  local  cables  installed  by  the  BPC  now  have 
aluminium  conductors.  Completion  of  the 
remaining  steps  in  the  program  is  dependent  upon 
the  development  of  MDF  termination  techniques 

and  of  electronic  loop  extender  devices.  The 
development  of  NIDF  wire  wrapped  terminations  has 
already  been  referred  to.  Development  of  loop 
extender  devices  is  now  almost  complete  and  a 
range  includirg  6dB  amplifiers  and  line  current 
boosters  allowing  increases  of  about  lA  ' ohms 
in  signalling  resistance  limits  are  being 
purchased.  The  extent  to  which  it  will  be 
economic  to  use  these  to  eliminate  the  need  for 
conductors  larger  than  0.5^*  aluminium  will 
depend  upon  the  costs  of  the  devices  when  bo’ight 
in  quantity  and  to  the  study  of  individual 
applications  as  they  arise.  It  may  be  that  the 
timescale  for  this  step  will  be  increased  from 
that  shown  in  the  program. 

Savi'-.r-.:  Achieved 

17  Very  substantial  savirigs  have  been  achieved 

since  19^8  by  the  substitution  of  aluminium 
conductors  in  distribution  cables.  For  the  year 
1976,  for  example,  cables  with  aluminium 

conductors  cost  lesc  than  the  copper  cables 
which  would  ctherwioe  have  been  used.  However, 
this  IS  a distorted  comparison  because  the  very 
large  saving  is  in  part  due  to  the  BPf  policy  of 
not  using  conductors  of  a lower  gauge  than  O.'^mm 
in  distribution  cables,  irrespective  of 
transmission  and  signalling  requirements,  for 
handiability  reasons.  Ft  distribution  cables, 
therefore,  the  comparis«-n  is  between  O.^nim 
aluminium  and  O.Smm  (?4  gaugel  copper  conductors 
whicn  are  not  electrically  equivalent. 

A fairer  comparis'  n is  that  between  O.'^mm 
al’ominium  conductors  and  O.dmm  (2^  gauge  ) copper 
conductors  in  main  feeder  cables.  In  197t^  both 
these  types  of  cable  were  purchased  m substan- 
tial quantities  and  the  cost  per  loop  kilomf^tre 
of  the  aluminium  cables  was  only  SO^  of  the 
cost  of  the  copper  cables.  Savings  are,  of 
course,  sensitive  to  the  price  of  copper  and, 
because  of  the  present  depression  in  the  price, 
the  savings  from  the  use  of  aluminium  for  the 
current  year  will  undoubtedly  be  less  than  20^. 


A long  term  indication  is  given  by  Figure  ^ , 
which  estimates  the  savings  which  would  have 
been  achieved  at  the  metal  prices  existing  over 
the  last  20  years.  The  lowest  saving  would  have 
been  10^  in  1958i  dhe  highest  in  19^6,  1973 
and  1974,  and  the  average 

19  It  is  of  interest  that  in  1976  the  cost  of 
O.^mm  aluminium  cables  was  slightly  less  than 
that  of  0.32mm  (28  gauge)  copper  cables  so  that, 
as  the  performance  of  0.^;mm  aluminium  is 
superior,  the  only  justification  for  using 
C.32rrim  copper  cables  is  their  small  sime.  Tbe 
program  for  change  to  aluminium  assumes  that 
the  small  size  of  0.32mm  copper  will  be  the 
overriding  factor  for  about  of  cables. 

20  Analysis  ..  f cable  costs  and  material 
prices  for  1976  suggests  that  the  total  cost 
of  converting  the  raw  materials,  copper  and 
polyethylene,  into  finished  cables  is  about 

higher  for  aluminium  than  for  copper, 
indicatir»g  that  even  at  the  present  state  cf  the 
cable  makir.g  art  there  is  an  alequate  margin 
between  the  lower  material  and  higher  manufac- 
turir^  costs  for  aluminium. 

Are  There  Off-Setting  Operating  Costs? 

21  The  attitudes  of  cable  layers  and  splicers 
are  encoursiging.  Cable  layers  are  showing  a 
definite  preference  f r aluminium  cables  because 
of  their  light  weight,  only  half  that  cf  copper. 
Cable  splicers  have,  since  the  change  from 

V hard  EC  grade  to  alloy  material,  ccrae  to 
lock  upon  aluminium  as  merely  silver  coloured 
copper. 

Installat ion.  The  works  practices  for  the 
installation  of  both  distribution  and  main 
feeder  cables  with  aluminium  conductors  are 
identical  to  those  which  would  be  used  for  an 
exclusively  copp)er  network.  With  the  exception 
of  a modest,  once-and-for-all , Headquarters 
directed  training  program  in  Regions,  ho 
additional  installation  costs  which  can  be 
attributed  to  the  use  cf  aluminium  have  been 
identified. 

-■'.aintenance.  Tlie  use  of  aluminium 
distribution  cables  has  b^en  standard  practice 
long  entugh  to  demonstrate  that  even  in  the 
hostile  environm*’nt  in  which  these  small  cables 
are  placed  *he  service  given  by  aluminium  is 
indistinguishable  from  that  of  copper.  Sufficient 
experience  has  yet  to  be  accumulated  to  allow 
the  same  to  be  said  of  feeder  cables  but  that 
acquired  to  date  has  been  wholly  satisfactory. 

Conclusions 

22  The  BPO  has,  after  some  years  of  exf»eri ence 
wi+h  small  jelly-filled  aluminium  conductor 
cables  in  its  distribution  network,  embarked  on  a 
program  to  use  aluminium  conductors  for  the  vast 
majority  of  its  local  loop  cables.  The  program 
IS  progressing  satisfactorily  with  about  half  of 
all  the  local  loop  cables  now  being  installed 
having  aluminiiun  conductors. 
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FIG. 2 20  Year  Copper/Aluminium  Price 
relationship^  Annual  Averages 


FIG. 3 Typical  Cable  Cost  Analysis 
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CABLE  DIAMETER -ARBITRARY  SCALE 
FIG.4  Material  Costs  and  Cable  Diameters 
for  Constant  Attenuation  with  Varying 
Capacitance 


FIG. 5 Cost  of  0.5mm  Aluminium  Main  Cables 
as  Percentage  of  Cost  of  0.4mm  (26  gauge) 
Copper  Main  Cables 
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ARBITRARY  SCALE 
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ALUMINIUM  ALLOY  CABLE  CONDUCTORS  - A PROVEN  SUBSTITUTE  FOR  COPPER 
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Abstract 

The  British  Post  Office  decision  to  utilise 
aluminium  alloys  as  a substitute  for  copper  cable 
conductors  followed  successful  laboratory  tests 
and  field  trials  to  assess  their  suitability. 
Earlier  trials  with  cables  using  3/4  H aluminium 
conductors  had  resulted  in  a number  of  conductor 
failures  attributable  to  the  mechanical  character- 
istics of  the  aluminium  wire.  A decision  was 
therefore  made  to  develop  alloys  of  aluminium 
which  were  known  to  be  capable  of  conversion  into 
a more  suitable  wire.  Accordingly  development 
work  in  co-operation  with  the  wire  and  cable 
makers  was  put  in  hand.  This  work  is  now  complete 
and  cables  manufactured  with  this  aluminium  alloy 
are  now  specified  and  installed  as  a standard 
practice.  Field  reaction  has  been  very  favourable 
with  the  staff  accepting  the  alloys  as  being  just 
like  copper  from  the  handling  aspect. 


Introduction 

This  paper  outlines  the  development  of 
aluminium  alloy  conductor  cable  with  particular 
reference  to  the  wires  themselves,  and  shows  how 
the  successful  manufacture  and  introduction  to  the 
field  has  been  accomplished. 

As  described  in  a companion  paper*  , the 
motivation  for  change  to  aluminium  from  copper  was 
based  on  sound  economic  grounds  and  was  aided  by 
the  uncertainty  of  guaranteed  copper  supplies  at 
that  time.  The  choice  of  aluminium  was  not  com- 
pletely novel  because  as  early  as  1900  the  British 
Post  Office  has  experimented  with  aluminium  wires 
as  a dire'^t  replacement  for  the  bronze  wires  then 
used  in  overhead  telegraph  circuits.  Aluminium 
wire  had  also  been  supplied  by  the  National  Tele- 
phone Company  to  Captain  R F Scott's  ill  fated 
expedition  to  the  Antarctic.  There  wires  were 
laid  directly  over  the  snow  to  provide  the  physical 
link  for  field  telephones. 

Samples  of  this  wire  recovered  from  the 
Antartic  have  been  tested  both  physically  and 
metallurgically*  and  show  that  the  aluminium 
used  was  in  fact  an  alloy  containing  some  0,5%  of 
iron  and  0.3%  of  silicon,  possibly  one  of  the 
earliest  aluminium  alloys  to  be  used  commercially. 
It  is  interesting  to  note  that  despite  its  long 
exposure  to  the  adverse  conditions  for  some 
50  years,  the  wire  when  tested  still  retained 


sufficient  of  its  physical  properties  to  be  used 
as  a conductor. 

As  well  as  this  more  unusual  use  of  aluminium 
in  Telecommunications  the  BPO  had  themselves 
experimented  with  aluminium  in  the  underground 
network  and  had  installed  cables  containing  paper 
insulated  aluminium  conductors  in  the  early  1950%. 
Some  of  these  cables  are  still  in  use  and  are 
continuing  to  give  satisfactory  service. 

During  the.  1960 's  the  increasing  price 
differential  between  copper  and  aluminium  provided 
incentive  for  further  exploitation  of  aluminium 
on  the  grounds  of  economy.  Consequently  a cable 
specification  was  prepared  and  large  quantities  of 
aluminium  cable  up  to  100  pairs  for  use  in  the 
distribution  network  were  purchased  and 
installed''*"*.  These  cables  were  manufactured 
using  3/4  H aluminium  conductors  of  0.6  ram  or 
0.8  mm  diameter  insulated  with  cellular  polye- 
thylene, fully  filled  with  petroleum  jelly  and 
sheathed  overall  with  black  polyethylene. 

Studies  on  the  optimum  sizes  of  conductor  and 
insulation^ resulted  in  the  adoption  of  0.5  mm  in 
place  of  0.6  mm  diameter  conductors.  This  change, 
although  small,  produced  difficulties  in  both  the 
manufacture  and  installation  of  cable.  From  a 
manufacturing  aspect  the  wire  required  a minimum 
tensile  strength  for  the  insulating  and  laying-up 
processes  and  the  achievement  of  this  minimum 
strength  resulted  in  low  elongation  values  down 
to  the  1%  mark.  This  low  elongation  figure  made 
cable  installation  more  critical  and  several  cases 
of  cable  failure  occurred.  These  failures, 
although  not  large  in  number,  were  considered  very 
significant  because  they  showed  a source  of 
potential  trouble  and  undermined  the  confidence 
of  the  field  staff  in  aluminium.  Consequently  a 
decision  was  made  to  improve  the  characteristics 
of  thin  aluminium  wire  and  it  became  obvious  that 
an  alloy  would  have  to  be  developed. 

Aluminium  Alloy  Conductors 

In  1970  the  BPO  set  up  a special  committee 
to  review  the  known  alloy  materials  available  on 
the  market  and  to  investigate  any  likely  alloys 
under  development.  The  findings  of  this  committee 
were  made  known  to  the  cable  and  wire  making 
industry  and  a joint  effort  on  the  development 
of  a suitable  wire  was  commenced. 
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As  a basis  for  this  development  work  the 
essential  physical  requirements  of  a cable  con- 
ductor were  decided. 

There  are  listed  as  follows:- 

1.  Conductivity 

The  wire  must  possess  adequate  conduc- 
tivity in  order  to  meet  planning  requirements  and 
to  provide  an  effective  transmission  loop.  For 
this  reason  a lower  limit  of  61%  lACs  (Inter- 
nationally Agreed  Copper  Standard)  was  specified. 

2.  Elongation 

Good  elongation  consistent  with  adequate 
tensile  strength  would  appear  to  be  the  most 
desirable  of  physical  characteristics.  The 
ability  of  a cable  to  share  the  installation  loads 
equally  among,  all  conductors  greatly  reduces  the 
possibility  of  individual  conductor  failures.  A 
minimum  elongation  value  of  5%  was  considered 
adequate  to  achieve  this  result. 

J.  Ultimate  Tensile  Load  or  Stress 


The  tensile  performance  of  a wire  is 
critical  for  certain  manufacturing  processes  and 
the  subsequent  installation  of  economic  cable 
lengths.  Wire  drawing  and  insulating  operations 
demand  a minimum  strength  in  the  order  of  15 
Newtons,  and  up  to  90  MN/m^  for  cabling  lengths 
of  500  m (depending  on  pair  count  and  duct 
conditions) . 

4.  Proof  Stress 


A specified  value  of  0.1%  proof  stress  is 
considered  essential  in  order  to  fix  the  shape  of 
the  tensile  test  envelope  and  to  ensure  that  thin- 
ning of  the  wire  does  not  occur  during  manufacture 
or  installation.  A minimum  value  of  90  MN/m^  is 
considered  to  be  necessary  in  order  to  meet  the 
installation  requirements. 

5.  Handleability 

Ease  of  handability  although  difficult 
to  specify  is  an  essential  property  if  jointing, 
terminating  and  cable  setting  operations  are  to  be 
performed  without  failure  of  the  conductor.  Par- 
ticular tests  for  these  characteristics  have  been 
developed  and  the  most  important  of  these  are  the 
180*^  Reverse  Bend  Test  and  the  Wrap  Test. 

Included  in  this  requirement  are:- 

(a)  good  surface  finish  and  low 
sensitivity  to  local  stress  raising  notches,  kinks 
or  impurities. 

(b)  freedom  from  embrittlement  due  to 

ageing . 

(c)  resistance  to  vibration  fatigue 

(d)  freedom  from  intercrystalline 
corrosion  attack. 


6.  Jointing 

Aluminium,  unlike  copper,  produces  an 
insulating  skin  as  it  oxidises.  This  oxide 
accounts  for  the  poor  jointing  performance  of 
connections  involving  aluminium.  Any  jointing 
technique  used  must  therefore  ensure  that  this 
skin  does  not  interfere  with  the  joint  perfor- 
mance. To  meet  this  requirement  the  crimp  and 
compression  connections  have  been  developed.  For 
such  joints  it  is  essential  for  the  conductor 
material  to  have  good  resistance  to  cold  flow  and 
stress  relaxation  up  to  the  normal  operational 
temperature . 

In  order  to  achieve  a common  target  for  the 
individual  development  effort  that  was  required, 
a set  of  target  values  was  produced.  These  values 
were  based  on  the  above  criteria  but  were  modified 
in  the  light  of  experience  to  provide  a workable 
and  achievable  list  of  objectives. 

These  values  were  set  as  follows :- 

1 . Tensile  strength 

lie  MN/m^ over  a gauge  length  of 

250  mm. 

2.  Elongation  before  Fracture 

5%  over  a gauga  length  of  250  mm. 

3 . 0.1%  Proof  Stress 

90  MN/m* minimum  average. 

4 . 180^  Reverse  Bends 

9 complete  bend  cycles  before 

fracture . 

5.  Helical  Wraps 

3 complete  cycles  before  fracture. 

6.  Stress  Relaxation 

Not  less  than  80%  of  original  test 
results  when  subjected  to  a sustained  load  equal 
to  the  0.1%  proof  load  value. 

7.  Intercrystalline  Corrosion 

Not  less  U^an  80%  of  original 
results  after  treatment. 

8.  Ageing 

Tensile,  elongation  and  C.1%  proof 
load  values  after  ageing  shall  be  equal  to 
original  results. 

These  pareuneters  are  now  specified  as  stand- 
ard values  and  cables  manufactured  to  these 
requirements  are  in  service.  Typical  test 
results  obtained  from  these  cables  are  shown 
overleaf . 
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Test  Results 

The  test  results  shown  in  Table  1 have  been 
compiled  from  data  obtained  from  the  cable  manu- 
facturers and  from  BPO  type  approval  tests.  These 
have  been  averaged  out  to  give  mean  values  except 
where  minimum  values  have  been  quoted. 

Table  2 shows  the  approximate  comp)osition  of 
the  alloys  and  it  can  be  seen  that  several  differ- 
ent types  of  alloy  have  been  supplied.  For  con- 
venience these  alloys  have  been  shown  as  three 
separate  family  groups. 

No  test  results  for  stress  relaxation  and 
intercrystalline  corrosion  have  been  shown  but 
tests  so  far  have  shown  the  alloys  to  be  com- 
pletely satisfactory  within  the  limits  set. 

Vibration  fatigue  has  also  been  tested  but 
as  this  criteria  does  not  appear  in  the  manu- 
facturing specification  it  has  not  been  included 
in  Table  1.  However  experimental  results  show 
that  the  alleys  are  vastly  superior  to  3/4  H 
aluminium  and  approach  the  values  obtained  for 
copper . 


Manufacturing  Experience 

The  alloys  being  supplied  are  heat  treatable 
and  respond  to  both  batch  and  in-line  annealing 
processes* . Unlike  copper  or  aluminium  - which 
are  fully  annealed  before  being  processed  to  the 
required  hardness  - the  alloys  are  partially 
annealed  and  require  a close  control  of  the 
variables  to  achieve  consistent  results. 

For  the  batch  annealing  process  small  ovens 
are  utilised  and  recirculating  fans  are  installed 
to  produce  equalised  temperatures  throughout  the 
charge.  An  inert  gas  is  introduced,  after 
initial  heating,  to  ensure  that  oxidisation  is 
kept  to  a minimum.  Annealing  temperatures  are  in 
the  order  of  250  C and  the  process  time  is 
approximately  4 hours. 

Good  results  have  been  obtained  with  this 
method  but  it  has  the  disadvantage  of  adding  an 
extra  stage  into  the  processing  cycle. 

For  the  in-line  process  a tandem  drawing 
annealing  and  insulating  system  is  operated.  The 
wire  is  first  drawn  down  to  size  then  passed 


EC  GRADE 

ALUMINIUM 

COPPER 

ALUMINIUM  ALLOY  I 

PROPERTY 

UNIT 

BPO 

SPECIFICATION 

99.7% 

EC  GRADE 

SUPPLIED 

BPO 

SPECIFICATION 

•IRON  ENRICHED 
EC  GRADE 
ALLOY 

•MODIFIED  IRON 
ENRICHED  EC 
GRADE  ALLOY 

BREAKING  LOAD 

NEWTONS 

24-36.5 

29.5-31 

32.6 

22 (MIN) 

23-26.5 

27-30 

ELONGATION  AT 

BREAK 

% 

- 

1-3 

21.6 

5 (MIN) 

10-20 

10-20 

0.1%  PROOF 
STRESS 

NEWTONS 

- 

- 

90 (MIN  AVE) 

100 

101 

180°  REVERSE 

BENDS  TO 

9 (MIN) 

10 

12 

9(MIN) 

12 

15 

BEND 

FAILURE 

WRAP  TEST 

CYCLES  TO 

FAILURE 

3(MIN) 

4 

4 

3 (MIN) 

5 

6 

CONDUCTIVITY 

% I ACS 

60.66 

63.4 

L_ 

100 

60.66 

62.2 

61.0 

TABLE  1 RESULTS  OBTAINED  FROM  PRODUCTION  CABLE 
(*batch  annealed) 


through  the  annealer  where  the  wire  is  heated 
either  by  an  induction  process  or  a resistance 
method.  It  is  then  quenched  in  water  and  passes 
on  to  the  extrusion  head.  As  the  annealer  is  in- 
line with  the  other  processes  the  heating  time  is 
short  and  consequently  higher  temperatures  are 
utilised.  Control  of  the  operation  is  more  criti- 
cal and  the  properties  of  the  annealed  wire  are 
marginally  less  than  for  the  batch  annealed  wire. 
Conductivity  is  reduced  by  approximately  3%  which 
is  due  to  the  different  annealing  mechanism  and  is 
related  to  the  final  metallurgical  structure  of 
the  alloy.  The  advantages  of  this  method  are  the 
comparatively  high  process  speeds  combined  with 
the  reduction  in  handling  effort. 

The  remaining  cabling  processes  do  not  pre- 
sent any  unusual  problems  and  conventional  plant 
is  utilised. 


Installation  Experience 

Initial  reaction  to  the  new  alloys  was  one  of 
caution  but  as  experience  grew  the  planners  and 
installation  crows  became  to  accept  them  with 
little  reservation.  Cables  manufactured  with 
aluminium  alloy  are  now  fully  accepted  and  are 
installed  as  common  practice.  The  fault  rate  of 
these  cables  is  certainly  no  worse  than  their 
copper  equivalent  but  insufficient  statistics  are 
available  to  detect  whether  or  not  their  perfor- 
mance is  better. 

The  cable  at  present  in  use  is  manufactured 
to  BPO  specification  CW  218  and  is  of  the  twisted 
pair  layer  type  construction,  fully  filled  with 
petroleum  jelly,  cellular  polyethylene  insulated 
ans  sheathed  overall  with  polyethylene  compound 
impregnated  with  carbon  black.  Pair  sizes  range 
from  1 up  to  loo  and  the  cables  are  utilised  in 
the  Exchange  Area  network.  Some  4 million  loop 
kilometres  of  this  cable  have  been  installed  up  to 
the  present  at  an  annual  rate  of  1 million  1km. 

Further  Use  of  Aluminium  Alloy 

As  described  by  Mr  Spencer*  the  BPO  arc  now 
introducing  aluminium  alloy  conductor  cables  into 
the  pressurised  part  of  the  Exchange  Area  network. 
The  progress  of  this  has  been  good  and  no  undue 
problems  have  been  encountered.  The  cable  is 
being  manufactured  to  BPO  specif ication  CW  251  and 
is  of  unit  construction,  cellular  polyethylene 
insulated  and  sheathed  overall  with  natural  polye- 
thylene. The  sheath  incorporates  an  alumunium 
moisture  barrier  to  prevent  osmosis,  and  to 
minimise  the  likelihood  of  corrosion  the  internal 
relation  humidity  is  limited  to  50%  during  manu- 
facture and  the  cable  is  supplied  with  sealed 
cable  ends. 

The  application  of  aluminium  alloy  to  star 
quad  cables  for  use  in  the  junction  network  is 
also  being  studied  and  prototype  cables  will  be 
manufactured  for  evaluation.  The  use  of  aluminium 
in  coaxial  cables  has  been  considered  but  the  cost 


savings  are  not  seen  to  be  sufficient  to  justify  the 
design  effort  which  would  be  involved.  The  rapid 
development  of  optical  fibre  cables  may  will 
reduce  the  future  demand  for  coaxial  cables. 

Suggestions  have  also  been  made  for  the  use 
of  aluminium  alloy  for  internal  cables  to  be  used 
in  exchanges  and  even  customers  premises.  These 
projects  however  are  still  only  tentative  and 
it  is  too  early  to  judge  their  possible  outcome. 

Conclusions 


The  development  of  aluminium  alloy  con- 
ductors has  been  described  and  comparisons  with 
copper  given.  To  date  the  alloys  appear  to 
compare  favourably  with  copper  and  they  have 
been  fully  accepted  by  the  field  staff.  Failures 
of  aluminium  alloy  cables  have  been  rare  and  no 
more  frequent  than  those  of  their  copper  counter- 
parts. The  use  of  aluminium  alloys  in  cables  is 
being  extended  and  development  of  suitable  work- 
ing practices  is  also  in  progress. 

For  the  BPO  network  aluminium  alloys  have 
come  to  stay  and  can  truly  be  looked  upon  as  a 
proven  substitute  for  copper. 
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ABSTRACT 

The  utility  of  the  DIA  test  was  explored  by  Working 
Group  434  of  the  RE/\  Advisory  Committee  in  compari- 
son with  an  air  oven  aging  method  as  a means  to 
predict  the  life  of  insulations.  The  air  oven 
method  is  proposed  to  REA  as  an  initial  qualifica- 
tion tert  for  a system  of  filling  compound  and 
insulation. 

Factors  other  than  the  pedestal  environment  can 
affect  the  life  of  insulations.  If  direct  sunlight 
enters  the  terminal  housings,  the  insulations  will 
crack  and  fade.  Th’s  will  result  in  noise,  shorts 
and  loss  of  transmission. 

The  resistance  of  the  insulation  to  ech  I 

damage  tluring  termination  and  reentering  ^ill  in- 
fluence the  life  of  insulations.  Conducccrs  with 
cellular  insulations  require  considerably  norc  care 
than  conductors  with  solid  coverings. 


BACKGROUND  AND  PURPOSE 

During  1975,  REA  Included  a test  for  the  determina- 
ii>n  of  the  oxidative  stability  of  insulated  con- 
luct*>r»  in  their  spec i f icat  ion  PE-39  that  covers 
•tiled  telephone  cables.  Details  of  the  test 
•v'th.--'  ot  the  differential  thermal  analysis  were 
'evie’c'  bv  the  members  of  the  RE/\  Advisory  Commit- 
, s rising  Group  4d4,  but  one  question  remained. 

• . che  establishment  of  a meaningful  DTA  test 
nt . \>  much  as  a short  duration  test  was 

. .•  . i«t  experience  has  shown  that  DTA  data 

»•  i*e  t'  predict  the  useful  service  life 
■e  ’e  epbt‘nc  singles.  The  DTA  test  condl- 
i”  *ure  oxygen  arc  too  far  removed 
»r  fte  <ervl«.e  conditions  of  tolc- 
■ . *e  service  conditions  exist  in 
• ' • ite'  i 'nductors  arc  exposed  to 

iM  t ' tc-^peratures  that  do 


not  exceed  80*0.  In  addition,  the  DTA  test  records 
only  oxidative  polymer  failure.  Embrittlement  due 
to  crystallizations  cannot  be  detected. 

Working  Group  434  decided  to  set  up  a Round  Robin 
Test,  utilizing  both  an  air  oven  ag.i.g  method  thar 
was  presented  to  the  IVICS  in  1973^  and  DTA  tests  in 
order  to  tlctermlne  if  there  is  any  correlation 
between  the  results  from  these  two  different  tests. 
Since  solid  and  cellular  insulations  based  on  the 
same  polymer  of  high  density  polyethylene  and  propy- 
lene-ethylene copolymer  were  selected  for  the  Round 
Robin  Test,  additional  Information  could  be  ob- 
tained regarding  the  performance  of  these  two 
polymers  in  solid  and  cellular  form.  Working 
Group  434  decided  to  use  two  commercial  petrolatum 
based  cable  filling  compounds  as  the  immersion  media. 
One  of  these  materials,  compound  A,  is  a typical 
domestic  compound  while  compound  B is  a typical 
Canadian  compound.  The  demonstration  of  the  effect 
of  these  filling  compounds  on  the  insulations  and 
the  determination  of  tlie  relative  life  expectancy 
of  solid  versus  foam  were  expected  to  be  signifi- 
cant parts  of  the  Round  Robin  Test, 

SAMPLES 

•\ . T nsulated  Conductors 

A 500  ft.  length  of  each  of  the  No,  -2  AWG 
insulated  conductors  listed  below  were  distributed 
to  each  of  the  eight  participating  members  of  the 
RE/\  Advisory  Committee. 
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Sample 

No. 


Type 


Insulah'orr 

Polymer 


Color 


Wall 

Thiele  ness. 
Inches 


Solid 


HOPE 


White 


Cellular, 
35%  blown 


HOPE 


White 


0.0134 


0.0099 


III 

IV 


Solid 


HOPE 


Green 


0.0134 


Cel  lular, 
35%  blown 


HOPE 


Green 


0.0099 


Solid 


Prop-Eth , Cop. 


White 


0.0144 


VII 


Cellular, 
35%  blown 


Prop-Eth,  Cop, 


White 


Solid 


Prop-Eth,  Cop, 


Green 


0.0099 


0.0144 


Vill 


Cellular, 
35%  blown 


Prop-Eth . Cop. 


Green 


0.0099 


Samples  I through  IV  were  manufactured  by  General 
Cable  Corporation,  samples  V through  VIII  by 
Northern  Telecom,  Limited. 

B.  Filling  Compounds,  Petrolatum  Based,  Commercial 

1.  Filling  Compound  A 

2.  Filling  Compound  B 

TEST  METHODS 

A.  Method  for  Life  Prediction  of  Filled  Cable 
Insulations,  Utilizing  Air  Oven  Aging 

1 . Correlation  Between  Service  Life  and  Life 
Prediction  Based  on  Accelerated  Air  Oven 

In  1971  when  the  problem  with  cracked  insu- 
lations in  pedestals  surfaced,  it  became  appar- 
ent that  a test  was  needed  that  would  allow  the 
prediction  of  the  service  life  of  insulations 
so  that  adequately  stabilized  compounds  could 
be  selected  for  use. 

Cracking  of  Insulations  in  pedestals  causes 
noise,  especially  when  the  humidity  is  high. 

In  severe  cases,  shorts  occur  that  result  in 
loss  of  transmission.  The  only  effective  solu- 
tion to  the  problem  is  to  splice  In  a new  sec- 
tion of  cable. 


In  an  effort  to  develop  a meaningful  test, 
it  was  found  that  by  determining  the  time  at 
100*C  in  turbulent  air  that  causes  the  loss  of 
flexibility  of  insulated  conductors,  and  that 
by  progressively  doubling  the  time  for  each 
lO^C  reduction  in  temperature  starting  at  100®C 
the  service  life  at  an  average  temperature  of 
35®C  can  be  calculated.  This  method  for  pre- 
dicting the  useful  life  of  insulations  was 
accepted,  because  laboratory  data  correlated 
satisfactorily  with  actual  cracking  of  first 
generation  polyethylene  insulations  in  pedestals. 


These  first  generation  low  density  polyethy- 
lenes,  stabilized  with  0.17.  Santonox  R,  had 
been  cracking  In  pedestals  under  severe  cli- 
matic conditions  in  less  than  five  years.  The 
predicted  life  for  this  type  of  Insulation  was 
found  to  be  in  the  range  of  0.8  years  to  1.7 
years  when  evaluated  by  the  oven  aging  elon- 
gation test  method,  described  in  Reference  1. 
Additional  data  determined  by  this  laboratory 
method  on  the  same  type  compound  are  presented 
in  Table  1. 


Toble  1 
— 


Air  Oven  Aging  in  Tufbulent  Air 
(Linear  olr  speed  opprox.  400 
ft/min .) 

Air  Oven  Temperoture 

90*^  I 100°C 

Insuloted  O^nducto 
solid  copper,  0.00/ 
insulotion* 

, No . 24  AWG 

5 inches  of 



White 

Red 

Green 

White 

Red 

Green 

Doys  to  embrittle- 
ment determined  by 
loss  of  elongation 

22 

IS 

'7 

12 

11 

9 

Colculoted  Life  of 
Insulations, 

Years,  ot  35®C 

2.9 

2.4 

2.2 

3.2 

2.9 

2.4 

•Sfobitizer:  < 0.1%  Santonox  R 
Density:  0.924 

Melt  Index:  0.12 


Good  agreement  was  found  in  calculated  values 
of  service  life  of  LDPE,  HOPE  and  propylene- 
ethylene  copolymer  by  testing  to  embrittle- 
ment at  70C,  85C,  90C  and  lOOC.  However 
testing  at  70C  and  85C  are  impractical  and 
only  of  academic  interest  because  times  to 
embrittle  at  these  lower  temperatures  are 
ver>'  long. 

2.  Air  Oven  Aging  Test:  Procedure  and 
Discussion 


a.  Preheat  telephone  cable  filling 
compound  precisely  to  1 10*C  and 
dip  coat  12  inch  sections  of 
15  inch  long  specimens  by  inmer- 
slng  for  10  seconds.  This  dip 
coating  procedure  simulates  the 
process  of  hot  filling  telephone 
cab  les . 
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Insulated  conductors  exposed  in  an  air 
o\;en  to  turbulent  air  at  lOO^C. 


Ulien  the  air  flow  is  measured  with  a 
flow  meter  that  indicates  linear  air 
speed,  readings  of  approximately 
400  ft/min,  should  be  obtained. 

Place  enough  specimens  inL>  the  ovens 
so  that  testing  to  embrittlement  is 
possible.  In  order  to  make  testing 
in  monthly  intervals  possible,  start 
a second  set  of  samples  one  month 
after  the  first  batch.  The  second 
set  of  samples  will  be  used  after  em- 
brittlement of  the  sanples  from  the 
first  set  in  order  to  pinpoint  the 
fail urc  date . 


Wire  sample  just  prior  to  a 10  second 
immersion  in  the  filling  compound  at 
110®C. 


Previously  the  insulated  conductors 
were  irmersed  in  an  excess  of  filling 
compound  and  conditioned  for  two  weeks 
at  85*0.  However,  conditioning  tem- 
perature of  70‘’C  was  chosen  for  the 
round  robin  test  as  being  more  in  line 
with  actual  service  conditions. 


An  extensive  evaluation  was  completed 
at  the  GCC  Laboratories  regarding  the 
effect  of  filling  compound  on  solid 
and  cellular  filled  cable  insulations 
with  respect  to  time  to  embrittlement, 
swelling  and  absorption.  It  was  found 
that  the  amount  of  filling  compound 
that  is  present  in  an  actual  cable  or 
on  dip  coateil  insulation  is  in  great 
excess  of  the  amount  of  filling  com- 
pound that  can  be  absorbed  by  or  will 
react  with  the  insulations.  Conse- 
quently the  time  to  embrittlement,  ab- 
sorption and  swelling  of  solid  and 
cellular  filled  cable  insulations  is 
practically  the  same,  whether  the 
sample  was  dip  coated  and  condltione<l 
or  conditioned  in  a simulated  cable  or 
in  great  excess  of  filling  compound. 


Sections  of  insulated  conductor,  as 
Hscussed  under  ih)  above  are  pre- 
pared for  elongation  testing  as 
follows:  place  the  sections  of  in- 

sulated conductor  on  a stone  table 
top  or  a cutting  board  and  hold  it 
firmly  by  the  end  next  to  the  opera- 
tor. Take  an  industrial  raxor  blade 
and  cut  the  top  layer  of  the  insula- 
tion off  in  a smooth  uninterrupted 
motion.  


Hang  the  coated  insulations 
oven  for  two  weeks  at  70®C. 


At  the  completion  of  the  two  week 
period,  wipe  the  filling  compound  from 
the  insulations  with  soft  paper  towels 
and  hang  the  Insulated  conductors  in 
an  air  oven  at  100®C  with  the  fresh 
air  vent  in  the  fully  open  position 
and  with  turbulent  air  flow. 


Demonst rat  ion  of  preparation  of  a seg- 
mental test  specimen.  In  order  to 
achieve  smooth  surfaces,  one  industrial 
raz.or  blade  should  be  used  for  three 
cuts  only. 


Should  the  razor  blade  cut  into  the 
conductor,  discard  the  specimen.  Use 
the  larger  segment  for  the  elongation 
test.  Using  an  initial  tensile  tes- 
ter grip  separation  of  1.5  inches,  a 
testing  area  of  one  inch  and  a rate 
of  grip  separation  of  2 inches  per 
minute,  determine  the  unaged  elonga- 
tion first.  As  the  aging  of  the  In- 
sulation progresses,  the  adhesion  of 
the  insulation  to  the  conductor  in- 
creases to  the  point  when  it  is  no 
longer  possible  to  separate  the  lar- 
ger scgnient  from  the  conductor.  The 
smaller  segment  will  then  be  used  lor 
elongation  testing. 

Uliile  the  use  of  segmental  test  speci- 
mens w.is  brought  about  by  neoossity 
one  to  the  adhesion  between  the  copper 
coniiuctor  and  the  insulation  alter  ex- 
tended aging,  it  was  found  that  imaged 
segment.il  snecimens  have  increased 
sensitivity  to  processing  imperfeo- 
ttons.  It  is  demons  t rat  Ovl  in  Fable  2 
below  that  the  utilization  of  segmen- 
tal specimens  will  spot  insulations 
with  limited  life  considerably  earlier 
than  when  tubular  specimens  are  used 
for  processing  control  elongation 
testing,  .'-.rto  insulations  were  pre- 
pared for  this  test. 


Insulation  1 
Insulation  2 
Insulation  3 


satisfactorily  processed 
processing  not  satisfactory 
compouml  temperature  and  con- 
liuctor  prelioat  considerably 
lower  than  usetl  for  produc- 
tion. 


ftONGAllON  AT  eRlAK.  % 


No,  77  AaG  C.'pol>' 

Tilled  Coblp  inu'lofiort 


1 7 _ 

' 3 4 s»q4  Tj'i  5 
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I Tub»  I "wrt 
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Differential  ihermal  An.ilysis  (UTA) 

1.  ('.cmoral 

Tile  ditfercntial  thermal  analysis  deter- 
mines the  time  that  a small  section  of  insu- 
l.itcd  conductor  can  resist  oxitiation  when 


exposed  to  pure  oxygen  at  200  C, 


2.  Test  Equipment 


rt^nrc  Ilf  P('N'r  INSTRl'MENTS  ‘)9('  Thermal  Analyzer 

witli  ceil 

1.  Test  Procedure  - lest  Conditions: 

Sample:  5 mg  of  22  AWC  insulated  conductor 
Calorimetric  Sensitivity:  0,5  mcaWsec/in. 
lemperaturc  Program:  isotliermal  at  200®c  2.  1 
Zero  Sh i f l : 0 in. 

Ti::x2  base:  5 min/ in. 

Inert  (las:  nitrogen,  purified  grade 
Reactive  Cas : oxygen,  purified  grade 
Cas  Flow  Rate:  2(H)  cc/min. 

a.  The  sample  of  insulated  conductor  is  placed 
in  an  open  (uncrimped)  pan  In  the  DSC  cell  at 
ambient  temperatures,  A nitrogen  gas  purge 
is  supplied  to  the  cell  and  the  cell  is 
scaled, 

b.  The  temperature  is  set  at  200®C  and  the  sam- 
ple is  cqiii  1 ibrateil  at  that  temperature. 

c.  The  purge  gas  is  switched  from  tlie  inert  ni- 
trogen to  the  reactive  oxygen  and  simultan- 
ev'uslv  the  recorder  time  base  is  started. 

d.  Fbe  scan  is  continued  until  tlio  sharp  upward 
movc’xint  ot  the  pen,  that  indicates  the  oxi- 
• ' It  ••  'll,  has  gone  through  the  maximum  and  is 
‘Sloping  ih’unTwartl, 

k . Ihe  rlapsei!  time  between  zero  and  the  extrap- 
I'l.ued  oxiditlon  onset  is  the  polymer  induc- 
tion t i -le  and  it  is  recorded  as  a measure  of 
oxi>hi;ive  stability.  The  oxidativ'c  exotherm 
is  csf rapo 1 at ed  to  the  base  line  by  drawing 
i straight  line  (tangent^  through  the  ch.inge 
in  slope  (position  to  negative)  of  that  curve 
ti'  the  base  lino. 


ANALYSIS  OF  ROUND  ROBIN  TEST  RESULTS 


A.  Air  Oven  Aalng  Data,  Comparison  of  Results  from 
Participating  Laboratories 


The  test  results  that  werg  obtained  to  date 
are  recorded  in  Tables  3 and  4 ami  they  v«ire  uti- 
lised to  calculate  the  life  of  the  insulations  in 
years  at  This  information  is  sliown  in  form 

of  bar  charts  in  Figures  5 and  6* 


A COMPARISON  OF  THE  DAYS  TO  EMBRITTLEMENT  AFTER  AIR  OVEN  AGING  AND  THE  INDUCTION  TIMES  OBT^^NED  BY  OlFFERENTIAl  fHfRMAi  ANALYSIS  ON 
HIGH  DENSITY  POLYETHYLENE  INSULATED  CONDUCTORS  (2?  AWG*  BY  THE  SEVERAL  PARTICIPANTS  IN  THE  IPCEA-REA  ROUND  ROBIN 


• To  of  O"  o*  I00®f 

* • *•0"  in  Ovygrn  o*  200*C  . OblQin#<J  •.»><  D'H#.^n»iol  TK«>n>ol  Analv«>< 

•**T^»f  not  ru"  bo«oii»*  i"iolotion  fn  condvCtor,  Dots  not  i"fli^»<^  in  7 nod  13 
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A COMPARISON  Of  m£  DAYS  TO  fMBRITTl£M£NT  ATTfR  AJR  OVfN  AGING  AND  THE  INDUCTION  TIMES  OBTAINED  BY  DIFFERENTIAE  THERMAL  ANALYSIS  ON 
PROPYLENE-ETHYLENE  COPOLYMER  INSULATED  CONDUCTORS  \77  AWGI  BY  THE  SEVERAL  PARTICIPANTS  IN  THE  IPCEA-REA  ROUND  ROBIN 


• To  o<  the  insulation  al»»'  oi'  o»^n  o9>n^  or  I00®C 

'*  Indue  on  Hme  in  oiygen  oi  ?00**C.  obloinnd  i»ith  D'*‘nier»iol  Thermal  AnoIvsM 


p 30  7; 


***T^»f  was  not  run  b«cout«  Insulotlon  stutli  to  conductor.  Dolo  not  included  on  Figures  7 ond  T J 


tCrtNriON  Of  fUXI8Jtir»',  y£A«S  at  35®C  «IINIICN  Of  fUXI^ILlTV.  YtAHS  AT  350c 


WTENTION  OF  FUX»RJUT>.  rtA»$  AT  35*C  RCTENTJO^^  OF  FUXIBIIITV.  f-tARS  AT  35*C 


After  analyzing  the  results  from  the  eight  partici- 
pating companies,  it  became  apparent  that  signifi- 
cant differences  must  have  existed  in  testing  tech- 
niques or  in  conditions  during  oven  aging.  These 
differences  are  particularly  noticeable  when  com- 
paring interlaboratory  results  from  tests  on  the 
four  propylene-ethylene  copolymer  insulations. 

Table  5 below  lists  the  round  robin  participants  in 
order  of  increasing  calculated  life  of  insulations 
obtained  from  their  testing. 

The  two  factors  that  have  the  greatest  influence  on 
the  air  oven  aging  test  are  temperature  and  air 
flow  in  the  oven.  Based  on  the  information  that 
was  received  from  the  eight  participants,  it  was 


found  chat  the  companies  that  obtained  the  shorter 
life  times  of  the  insulations  exceeded  the  maximum 
acceptable  aging  temperature  of  100,5®C  by  up  to 
2,5®C. 

The  air  flow  in  the  ovens  of  the  participants  was 
high,  the  fresh  air  vents  were  kept  open,  and  based 
on  the  information  received  it  appears  that  the  air 
velocities  were  satisfactory  and  they  did  not  cause 
major  differences  in  the  test  results.  It  is  pos- 
sible, however,  chat  the  actual  air  flow  differ- 
ences are  greater  Chan  reported  by  the  participants 
due  to  the  difficulties  associated  with  velocity 
measurement  in  turbulent  air  flow.  The  results 
indicate  the  importance  of  standardization  of  oven 
aging  conditions.  A practical  approach  in  solving 
this  problem  would  be  the  selection  of  one 
cormercial  oven  design  that  has  proven  useful  and 
reliable  for  long  duration  air  oven  aging  programs. 


TABLE  5 

TEMPERATURE  FLUCTUATIONS,  AIR  VELOCITIES  AND  INFORMATION  ON  INSTRUMENTS  USED  FOR  MEASURING  AIR  VELOCITIES 


Portlcioot)t  in  the 
Round  Robin  Test 

Air  Oven  Conditions 

Instrument  Used  for  Meosurlng 

Air  Velocity 

Temperoture  Fluctuations 
°C 

Air  Velocity,  ft  ./min. 

\ 

99.0  to  102.0 

250  to  500 

Alnor  Velometer,  Type  6000-P 
with  Pitot  Tube  Probe 

2 

99.0  to  103.0 

360  to  440 

Anenx>therm,  Model  60  Air  Meter 

3 

possibly  to  1 02°C 
reported  1.1  to  2 ,3 

For  four  ovens  ronging 
from  330  to  550 

Anemotherm,  Model  60  Air  Meter 

4 

98.0  to  102.0 

1 80  to  200 

Bochoroch  Instrument  Co, 

Florite  Model  MLD 

5 

99.5  to  100.5 

630  to  650 

Digitol  Anemometer,  Model  AM  5000, 

Air  Flow  Development  Co.,  (UK) 

6 

99.5  to  100.5 

360  to  440 

Anemotherm,  Model  60  Air  Meter 

7 

• 

Oven  temperature 
possible  slightly  below 

100°  C 

300 

Thermo-Anemometer,  Wolloc  OY, 

Type  GGA  23F 

8 

99.0  To  101  .0 

400  to  440 

Alnor  Velometer,  Type  6006-P  ond 

Pitot  Probe  Type  6060-P 

No  Informoflon 


B.  Influence  of  Petrolatum  Based  Filling  Compound 
on  the  Life  of  the  Insulations 

The  test  results  that  were  displayed  in  Fig- 
ures 5 and  6 are  combined  in  Figure  7.  In  addition, 
the  number  of  participants  that  supplied  test 
results  for  the  specific  sample  is  shown. 


FIGURE-7 

RANGE  OF  AIR  OVEN  AGING  DATA  AMONG  ALL  ROUND  ROBIN  PARTICIPANTS  REPORTED  AS  OF  SEPT.  30,  1977 


UGEND 

□ SAMPU  EMBRIHLED 

1^  SAMPLE  NOT  YET  EMBRITTLED 
^ (AGING  CONTINUING) 


O NUMBER  OF  PARTICIPANTS 
REPORTING 


I II  III  IV  V VI  VII  VIM 

SOLID  CELL.  SOLID  CELL.  SOLID  CELL.  SOLID  CELL. 

WHITE  WHITE  GREEN  GREEN  WHITE  WHITE  GREEN  GREEN 


Realizing  that  the  wide  spread  in  test  results 
is  due  to  excessively  high  aging  temperature  that 
was  employed  by  at  least  three  participants  and  a 
timperaturc  slightly  below  I00®C  that  may  have  been 
utilized  by  one  participant,  it  is  clear  that  the 
insulations  that  were  aged  in  contact  with  the 
filling  compounds  prior  to  air  oven  aging  embrittle 
considerably  earlier  than  the  same  Insulation  that 
did  not  have  contact  with  filling  compound.  It  is 
known  that  filling  compounds  will  extract  stabilizers 
from  the  insulations'".  Cellular  insulations  are 
affected  by  the  filling  compounds  more  severely  than 
the  respective  solid  insulations.  Part  of  the  rea- 
son for  the  earlier  embrittlement  of  the  cellular 
insulations  is  due  to  the  higher  ratio  of  surface 
area  to  material  that  promotes  the  harmful  activity 
of  the  petrolatum  based  compound.  The  same  is  tnic 
for  thin  wall  ®olld  insulations,  for  instance  for 
the  0,008  inch  wall  of  No.  2b  AWG  solid  copper 
conductor. 

In  addition,  it  was  found  that  the  original 
cellular  HOPE  insulations  have  only  one  third  of  the 
primary  stabilizer  Irganox  I0l(>  present  when  com- 
pared with  their  solid  counterparts.  The  same  was 


not  found  with  the  propylene-ethylene  copolymer  in- 
sulations. Precise  quantitative  methods  for  the 
remaining  stabilizers  and  copper  inhibitors  are 
not  available  to  date. 


Toble  6 


Sample 

No. 

Sample 

Primory 
Stabilizer 
Irgonox  1010 

I 

Solid  While  HDPE 

0.072% 

II 

Cellulor  White  HOPE 

0.022% 

III 

Solid  Green  HDPE 

0.093% 

IV 

Cellulor  Green  HDPE 

0.033% 

V 

Sc  id  White  Prop-Eth , Copolymer 

0.19% 

VI 

Cellular  White  Prop-Eth,  Copolymer 

0.20% 

VII 

Solid  Green  Prop-Eth,  Copolymer 

0.19% 

VIII 

Cellulor  Green  Prop-Eth, 

Copolymer 

0.21% 
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An  observation  was  made  with  an  X-ray  dispersive 
system  that  supplies  an  additional  reason  for  the 
poorer  aging  performance  of  insulations  that  had 
been  in  contact  with  filling  compound  prior  to 
aging. 

Copper  was  found  to  be  present  not  only  on  the 
inner  surface  of  the  insulation,  but  also  60  microns 
from  the  inner  surface  in  the  insulation.  It 
appears  that  the  filling  compound  dissolves  sulfur 
from  the  stabilizer  system,  most  likely  from  DLTDP, 
when  it  diffuses  through  the  insulation  towards  the 
conductor.  It  is  theorized  that  the  sulfur  reacts 
with  the  copper  conductor  and  it  forms  a complex 
which  diffuses  into  the  insulation  and  causes  copper 
catalyzed  degradation  of  the  insulation. 

The  original  insulation  and  the  insulation  that 
had  been  immersed  in  petrolatum  based  filling  com- 
pound for  two  weeks  at  83®C  and  chat  were  subse- 
quently air  oven  aged  for  28  days  at  100®C  were  ob- 
served and  analyzed  by  a scanning  electron  micro- 
scope (SEM)  that  is  equipped  with  an  X-ray  energy 
dispersive  spectrometer.  The  top  layer  of  the  insu- 
lation was  longitudinally  sliced  from  the  conductor 
and  Che  inner  surface  that  had  been  adjacent  to  the 
conductor  and  a spot  in  the  insulation  wall,  60 
microns  from  the  inner  surface  were  examined  by  the 
SEM -'X-ray  technique. 


ENERGY  IN  ELECTRON  VOLTS.  10-  (Kcv) 

; 9 : The  two  main  peaks  indicate  the  presence 
of  substantial  quantities  of  copper  and 
sulfur  in  the  insulation  that  had  been 
immersed  in  filling  compound  and  that 
was  subsequently  air  oven  aged. 


FIGURE  10 


X-RAY  ENERCTi'  PROFILE  60  MICRONS  FROM 
THE  INNER  SURFACE 


(' . Life  Predictions  of  Insulations 

Table  7 shows  the  calculated  minimum  and  maxi- 
mum lifetimes  of  the  eight  samples  of  filled  cable 
insulations.  The  calculations  are  based  on  all 
test  results  after  air  oven  aging  that  were  obtained 
by  the  participants  that  were  reporting  on  the 
specific  samples  as  of  August  19,  1977.  As  pointed 
out  in  paragraph  A,  the  range  of  results  obtained 
woulc’  have  been  considerably  smaller  if  the  tempera- 
ture in  the  air  ovens  of  all  jiarticipants  would 
have  been  maintained  precisely  at  100®C  + 0.5®C. 
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Table  7 


PREDICTED  LIFE  OF  THE  EIGHT  FILLED  CABLE  INSULATIONS  BASED  ON  THE  TEST  RESULTS 
OF  THE  REPORTING  PARTICIPANTS 


Saniple 

— 

Predicted  Life, 

Yeors  ot  35 

Number  of 

No, 

Type 

Insulation 

Color 

Detoil 

Minimum 

Moximum 

Participants 

Reporting 

nB 

Solid 

White 

>121 

4 

121 

8 

1 

121 

It 

ESSHHI 

White 

121 

A 

___ 

44 

>46 

7 

III 

Green 

Dry 

>121 

4 

A 

^^B 

>121 

e 

B 

BB 

>121 

7 

iv 

Cellular 

HOPE 

Green 

Dry 

—HI 

>121 

5 

A 

13 

44 

8 

B 

15 

>46 

7 

^om 

Solid 

IVop-Eth , Cop . 

White 

Dry 

>46 

>121 

5 

wm 

A 

42 

121 

8 

4 j 



>121 

7 

VI 

Cellular 

Prop-Eth , Cop. 

Uhite 

Dry 

84 

121 

4 

1 

'8  

44 

8 

HH 

33 

>94 

7 

VII 

Solid 

Prop-Eth . Cop. 

44 

>U9 

5 

40 

121 

B 

am 

26 

121 

7 

vrif 

Cellular 

fVop-Eth.  Cop. 

Green 

Dry 

j 

121  ^ 

4 

A 

18 

44 

8 

B 

25 

“78 

7 

By  observing  the  minimum  predicted  lifetimes, 
it  must  be  realized  that  the  values  would  have  been 
higher  if  the  aging  temperature  of  the  insulations 
would  have  been  maintained  precisely  at  100  + 0.5®C 
by  all  participants. 

Comparing  the  minimum  predicted  lifetimes  of 
the  solid  insulations  with  their  cellular  counter- 
parts It  can  be  seen  that  the  life  expectancy  of  the 
cellular  insulations  tested  Is  30’  to  507,  shorter 
than  their  solid  counterparts. 

D,  Appearance  of  Insulations  After  Air  Oven  Aging 

During  the  Round  Robin  Test  Program,  it  was 
observe<l  that  the  appearance  of  the  embrittled  "dry" 
aged  HT-’E  insulations  is  different  from  the  embrit- 
tled "<lry"  aged  propylene  ethylene  copolymer  insu- 
lations. While  the  cellular  HOPE  insulations  show 
circumferential  cracks  when  they  embrittle,  the 
cellular  propylene  ethylene  copolymer  insulations 
break  open  and  large  sections  of  almost  bare  conduc- 
tor are  exposed. 

Figure  11:  Magnification  8X 

Sample  No.  II:  No.  22  AWG  solid  copper  conductor 
with  0,0099  inches  of  white  cellular  HDPE  insula- 
tion with  circumferential  cracks  after  2?^  days  air 
oven  aging  at  100*C. 
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- Insulation  intact 

(1>  = Circumferential  cracks  in  the  upper  bent  section  only 

The  aging  neriods  that  were  required  to  produce  the  effects  recorded  in  Table  8 above,  are  as  follows; 


Figure  12 


Sample  VIII;  No.  22  AWG  solid  copper  conductor 
with  0.0099  inches  of  green  cellular  propylene- 
ethylene  copolymer  insulation  with  an  exposed  sec- 
tion of  conductor  after  330  days  of  air  oven  aging 
at  lOO^C. 


It  was  also  noted,  that  in  genera]  the  aged  embrit- 
tled cellular  HOPE  insulations  that  had  been 
immersed  in  filling  compounds  show  less  cracking 
at  the  time  when  they  lose  their  ability  to  elon- 
gate than  the  dry  aged  samples.  In  the  case  of  the 
cellular  propylene  ethylene  copolymer  insulations, 
the  samples  that  had  been  irrmersed  in  filling  com- 
pound A have  most  of  their  conductor  exposed  when 
they  embrittle,  while  the  samples  that  had  been 
immersed  in  filling  compound  B show  considerably 
less  damaged  insulation.  The  following  is  a 
summary  of  the  observations: 


Magnification  8X 


TABLE  8 

APPEARANCE  OF  INSUMTIONS  AFTER  AIR  OVEN  AGING  WHEN  ZERO  EI>ONGATION  IS  REACHED 


i Aged  at  100  C After  2 Weeks  Contact  at 

70®C  With  Filling  Compound 

Identification  "Drv"  Aeed  A 1 B 


HOPE.  Solid  Green 


HOPE,  Cellular  Green 


Prop . -Eth . 

Cop. 

Sol  id  Wliite 

Prop. -Eth . 

Cop. 

Cellular  Wliite 

Prop . -Eth . 

Cop  . 

Solid  Green 

Prop. -Eth . 

Cc'P  . 

Ce 1 lu 1 ar  Green 

split  open,  no  circum-  exposed,  insulation 
ferential  cracks  fell  off 


Section  of  insulation 
split  open,  some  cir- 
cumferential cracks 


Section  of  insulation  Most  of  conductor 
split  open,  no  circum-  exposed,  insulation 
ferential  cracks  fell  off 


Some  c i rcumferen- 
t ial  cracks 


DAYS  TO  ZERO  E1X1NGATI0N  AFTER  AIR  OVEN  AGING  AT  100'’C 


\ged  at  100  C After  2 Weeks  Contact 
at  70®C  With  Filling  Compound 
A R 


Sample  Identification 


HDPE,  Solid  White 


HOPE,  Cellular  White 

HDPE,  Solid  Green 
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In  conclusion,  the  information  shovm  in  Tables 
8 and  9 emphasizes  the  need  for  selecting  a system 
of  most  suitable  and  compatible  materials  for  in- 
sulation and  filling  compound.  It  should  be  noted 
that  production  material  that  is  represented  by 
Samples  V through  VIII  is  not  used  in  combination 
with  Filling  compound  A. 

E,  Evidence  of  Oxidation  by  Infrared  Analysis 

Flexible  sections  from  Figure  11  (Sample  No,  IT) 
that  could  be  pressed  into  a thin  film  for  infrared 
analysis,  showed  evidence  of  oxidation  due  to  the 
presence  of  the  carbonyl  absorption  at  1720  cm"^. 

The  insulation  shown  in  Figure  12,  (Sample 
No.  VIII)  showed  oxidation  by  infrared  analysis 
only  where  it  was  in  contact  with  the  copper  conduc- 
tor or  in  the  areas  that  split  open. 

It  was  found  that  oxidation  cannot  be  seen  on 
the  eight  Round  Robin  test  samples  with  the  gravi- 
metric oxygen  absorption  test  that  is  described  in 
detail  in  Ref.  1.  This  information  correlates  with 
the  data  from  Ref,  1 where  oxidation  could  be  veiy 
nicely  demonstrated  with  the  gravimetric  method  on 
IDPE,  but  not  on  HOPE  or  propylene  ethylene  copoly- 
mer insulation. 


F . Differential  Thermal  Analysis  and  Predicted 
Life  Based  on  Air  Oven  Aging:  Comparison  of 
Test  Data 

The  ranges  of  oxidative  induction  times  and 
predicted  life  of  the  eight  Insulations  are  demon- 
strated in  Figure  13.  The  number  of  participants 
in  these  tests  is  recorded  also. 

It  is  surprising  to  see  wide  ranges  of  oxida- 
tive induction  times  that  were  obtained  on  identi 
cal  samples  because  the  differential  thermal 
analysis  is  a very  well  defined  test.  In  some 
cases,  the  correlation  between  laboratories  is 
good,  but  then  only  two  laboratories  participated 
in  the  test.  An  effort  was  made  to  find  a signi- 
ficant correlation  between  the  DTA  data  and  the 
air  oven  results,  but  it  does  not  exist.  It  was 
found  that  the  results  from  both  test  methods  arc 
related  only  in  the  very  broadest  sense. 


FlGU«e-<3 

COMPARISON  OF  THf  RANGE  OF  AIR  OVEN  AGING  DATA  WITH  OXIDATIVE  INDUCTION  TIME 


- HIGH  DENSITY  POLYETHYLENE  • 


PROPYLENE  ethylene  COPOLYMER  - 


LEGEND 

Q SAMPLE  EMIRinifD 

^ SAMPLE  SriU  FLEXIBli, 

^ (AGING  CONTINUING! 

2 

^ O NUMBER  OF  PARTICIPANTS 
o ^ REPORTING 


HiKH 


eiBOE 


5;  20  — •* 

s.o-iS 


NOV  77  E F GODWIN 


41 


/ 


C.  Deteralimt  ton  of  th»  En>l  Point  of  Atr  Oven 
A«0>i  ln»ulatlon»  by  OxvKen  Induction  Tine  and 
by  EU^ngatlon 

One  of  Che  nerclcipacint;  Laboracorie*  deter* 
mined  the  oxygen  Induction  time*  of  the  eight 
samples  of  insulated  conductors  after  various 
periods  of  exposure  to  circulating  air  at  IOO*C< 
The  test  results  are  shown  In  Tabies  10  and  11  and 
they  show  chat  during  aging  at  100*C,  Che  scabl* 
lizor  system  is  being  consumed  as  demonstrated  by 
a decline  in  oxygen  induction  time. 


It  was  of  Interest  to  decemlne  if  the  end 
points,  as  Indicated  by  oxygen  Induction  timet-, 
would  correlate  with  the  end  points  as  determined 
by  elongating  tlte  specimens.  Tlie  corresponding 
elongation  values  from  one  of  the  other  partlci* 
pacing  Laboratories  were  inserted  in  Tables  10  and 
II.  Based  on  20  tests  that  were  completed  as  of 
9/10/77,  good  correlation  between  end  points  of 
OIT  and  elongation  is  indicated  II  times,  while 
i times  the  oxygen  induction  time  exceeded  the 
tine  to  embrittlement  and  i types  of  specimens 
continued  to  elongate  after  failure  had  been  indi- 
cated by  oxygen  induction  time.  A suenury  is  shown 
in  Table  12. 


cowaatiwN  o«  oxvotw  smuciiON  tHn%MiHiioNcaiicsiC*  soid  witswiNiof  mdo  Micxaticso 


TABli-  \2 

t-QRRKUnoN  B^nVEEN  FAIUTRE  POIffTS  AS  INI>!CATKI>  BY  OK\cai  IKDUTHiK  TIHKS  .Mil)  tUnJUATlOK 

AFTgR  AIR  WEN  ACINC  AT  ltMJ*C 


orretation  between  OxvRen  Induction  Time 

lauvl  Eloni?at  ton 


|i)xyKcn  Induction  Time  1*0  minute  at  the 
time  when  the  innulation  embrittled 


hnsulatlonsi  continue  to  elongate  alter 
Che  Oxygen  Induction  Time  in  1.0  minute 


CHjt  of  te^tc  that  were  completed  by  9/V)/77 


11 


Detail:  Three  of  the  five  tecta  reached  1,0  minute 
OIT  at  the  next  tcct  i»erii>d.  Thirty  and 
IB  dayc  were  needed  between  embritt lemrnt 
and  ' 1.0  minute  OIT  for  tl>e  rc»«ining  tw«' 
jn^ulat Iona.  


Detail:  One  of  the  four  teata  reacltea  embrittlement 
at  tt»e  next  teat  i>erlod,  while  B7,  3^8  and 
daya  were  needed  to  embrittle  for  tl>e 

rc~iinina  tlir^e  r 


20 


It  is  concluded  chat  the  correlation  between 
the  two  types  of  end  point  determlnat ions  on  the 
samples  tested  is  fair.  The  elongation  test  is 
preferred  since  it  requires  less  time  and  expense 
and,  in  addition  to  indicating  end  points  that  arc 
due  to  oxidation,  it  will  detect  also  end  points 
that  arc  caused  by  changes  in  the  crystalline  stnic- 
turc  of  the  insulation. 

H . Sunlight  and  Its  Effect  on  the  l.ifo  ol  Insulated 
conductors  Exposed  in  Pedestal  Terminals 

The  life  of  insulated  conductors  in  pedestal 
terminals  can  be  shortened  wficn  direct  sunlight 
enters  the  terminal  housings.  The  results  of  sun- 
light exposure  arc  severe  color  fading  and  cracking 
of  the  insulations  which  results  in  noise  am!  in 
severe  cases  in  shorts,  followed  by  loss  of  trans- 
mission. Killed  cable  insulations  Co  date  arc  by 
design  not  stabilized  against  IT  radiation  and  the 
pigments  that  arc  employed  for  color  coiling  arc  not 
light  stable.  The  best  solutions  of  this  problem 
are  properly  designed  pedestals  and  well  trained 
craftsmen  that  will  place  the  top  covers  onto  the 
pedestals  after  completion  of  their  assl.^nments* 


Filled  cable  insulations  can  be  designed  to 
be  light  stable,  lu>wever,  the  cost  of  the  insula- 
tion ctxBpiHinds  and  the  color  ci^ncent rates  would  be 
significantly  increased.  A lightlasc  red  color  j 

concentrate  that  contains  a suitable  red  pigment 
but  no  IT  absorbers,  costs  fixir  times  as  much  as 
the  stamlard  red  pigment,  and  due  to  the  low 

opacity  of  the  llghtfast  concentrate,  twice  as  ■ 

much  would  he  needed  so  the  actual  usage  cost 
would  be  eight  times  that  of  tlic  standard  pigment. 

I 

A cixnparison  of  standard  PE  color  concentrates 
with  experimental  concentrates  that  contain  light-  ' 

fast  pigments  was  made.  Molded  slabs,  inches 

in  thickness,  of  HOPE  with  i»nc  percent  of  lightlast  - 

red  and  orange  pigments  w'cre  exposed  outdoors  in  a 
direction  ^3*  to  the  Southern  horizon  In  I'nion, 

New  Jersey  t rtxn  Juno  2,  l‘♦76  to  December  2,  197f». 

Ultilc  the  Ilghtfast  pigments  show  only  a vcr>-  I 

slight  change  in  color  during  il>c  six  mt^nths  expo- 
sure period,  tlic  nK>lded  slabs  with  the  standard 

pigments  arc  noticeably  faded  after  two  weeks  ol  I 

outdoor  exposure. 

The  physical  properties  of  all  exposed  specl-  1 

mens  indicate  the  need  for  fV  stabili/ers.  If  ■ 

resistance  to  siinllftht  Is  required,  . 


EUINCATION  OF  MOLDED  COIflRF.D  IIDPE.  O.OSn  INCHES  IN  THICKNESS  AFTER  CKTnoOR  EXPOSURE 
AT  UNION,  NEW  JERSEY  FROM  JUNE  2.  1976  TO  DECEMBER  2.  197b 


Drlelna 1 

«nRirna|uiddjH 

88-' 

950 

9:o 

8im 

Exposed  Outdoors  - 
2 Weeks 

960 

610 

9^0 

9 \0 

4 Weeks 

560 

570 

640 

910 

3 Months 

0 

0 

0 

0 

1 
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I . Mechanical  Stfnath  of  Imutatton  in 
Pedestal  Terwlnals 

The  service  life  of  even  the  highest  grade  of 
properly  manufactured  insulated  conductor  can  be 
impaired  if  mechanical  damage  is  inflicted  during 
the  initial  or  subsequent  termination  process.  In* 
sulations  having  the  greatest  resistance  to  abra* 
slon  and  compression  have  the  best  chance  for  sur* 
vival.  Foam  and  foam  skin  insulations  require  nuch 
more  care  when  being  terminated  than  either  solid 
propylene-ethy lene  conolymer  or  HOPE  insula* 
t ions. 

a.  Scrape  Abrasion  • Insulations  from  tl»e 
Round  Robin  test  program  and  additional  samples  of 
HOPE  foam  skin  and  solid  LDPE  were  subjected  to  an 


abrasion  test,  utilising  the  UC  scrape  tester. 
Briefly,  the  test  consists  of  abrading  3/B  inches 
of  insulation  at  60  cycles  per  minute  with  a 0,016 
inch  OU  steel  mandrel  that  has  a load  of  700  grams 
attached  to  it. 

The  test  results  obtained  are  recorded  In 
Table  14  in  the  order  of  increasing  resistance  to 
scra(te  abrasiiHi.  It  can  be  seen  that  cellular  HOPE, 
the  HOPE  foam  skin  and  the  solid  LOPE  insulations 
have  the  least  resistance  to  abrasion,  wfiile  the 
cellular  propylene  ethylene  copolymer  insulations 
are  noticeably  better,  htn^ver,  solid  HOPE  and 
propy lene*ethy lene  copolymer  Insulations  are  far 
superior. 


j TABLE  14 

I 

SCRAPE  ABRASION  OF  SOMP.  rgLirUR  AND  FOAM  SK1K  TELEPHOKE  INSUUTIOXS 


:uder  of 
Inc rcaaing 
Res Istance 
Co  Scrape 
Abrasion 

Insulation  Type  i>ver 

No.  22  AW(*  Solid  (lopt^er 

Colot  of  Insula- 
tion and  Round 
Robin  Test 

Sample  Number 
i f Anol Icable 

Scr.pc  Abradon  Te.c,  Cyclca  to  Failure 
.tl  K.l  . (.’S’l'l* 

Individual  Kcsulcs 

Kaiige 

HI 

I 

Cel  tu lar  HOPE 

Wliitc 

S.irriple  n 

3 to  8 

D 

2 

Foam  Skin,  HOPE 

Orecn 

BBBBnDI 

5 to  II 

D 

3 

Cellular  HDPE 

0.0099 

Creen 

Sample  IV 

11,  <»,  13.  10.  12. 

13.  17.  7.  11.  14 

7 to  14 

11.2 

4 

Solid  1J)I*E 

0.009 

Creen 

21,  9,  11,  10,  12, 

14.  S,  8.  1 1.  10 

8 to  21 

1 l.b 

5 

Foam  Skin  , HOPE 

UWUIWK^H 

7 to  18 

11. <* 

b 

Cellular  Prop.  Eth.  Cop 

0.0099 

II  to  36 

25.6 

7 

Cellular  Prop.  Eth.  Cop 

0,0099 

White 

S am  p 1 e VI 

HUBBUB 

13  to  42 

25.7 

8 

Solid  Prop.  Eth,  Cop, 

0,0144 

Green 

Sample  V 11 

4778 

- 

4778 

9 

Solid  Prop.  Eth,  Cop. 

0.014i 

White 

Sample  V 

57  32 

- 

5732 

10 

Solid  HOPE 

0.0134 

Green 

Sample  III 

631  3 

6313 

1 1 

Solid  HOPE 

0,0134 

White 

Sample  I 

6527 

- 

6527 

*CE  Scrape  Tester,  700  gram  load  on  0,016  Inch  steel  mandrel,  abrading  3 8 Inches  ol  insulat lon^6(>  cycles 
per  minute,  readings  taken  12  inches  apart,  Insulated  conductt>r  rotated  120*  after  each  test. 
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b,  Knjte  Edne  Compragaton  - The  knltc  e«ig^ 
compression  test  is  pert'ormpd  in  an  Instron  Machine. 
The  insulated  conductor  is  placed  on  a horizontal 
grounded  steel  support,  the  conductor  is  ci»nnec(ed 
to  a low  voltage  current  and  the  knife  edge  is  com- 
pressing through  the  insulation  at  0.03  inches  |»er 
minute  ana  the  force  required  is  recorded  in  pounds. 
As  soon  as  the  knife  edge  coTses  in  contact  with  the 
conductor,  the  test  Is  terminated. 

The  results  v>btained  are  recorded  in 
table  13.  the  range  of  results  is  rather  narrow, 
all  results  are  within  4.b  and  27.3  IIa.  The  solid 
propy lenc-cthy !ene  copolymer  insulation  is  awfst 
resistant  to  knife  edge  compression.  The  cellular 
propylene  ethylene  copolysier  is  superior  to  the 
solid  HOPE.  Solid  Ii)PE  is  most  susceptible  to 
d.im.igc  by  knife  edge  compression. 


KNIFE  EfX:K  giMPRESSION  OF  SOl.lD.rELU’UR  AND  FiUM  SKIN  TEUiPHtlKlLlHSTIAt  U'KS 


f t’lor  of 
Insulation  and 
Round  Robin 
Wall  test  Sample 

Insulation  Type  l>ver  Thickness,  Mumber 
No.  22  AWC  Solid  Copper  Inches  d*  Applicable 


Solid  T.I)PE 


Cellular  HOPE 


Foam  Skin.  HOPE 


Foam  Skin,  HOPE 


Cellular  HOPE 


Solid  HOPE 


S 'lltl  HOPE 


Green 

kliitc 

S-i-JPlc 

II 

Green 

Wliitc 

Green 

sample 

IV 

Uliitc 

Sample 

1 

Green 

Sample 

111 

Green 

Sample 

vni 

Wlilte 

Sample 

VT 

White 

Sample 

V 

1? 

to 

14 

12 

to 

14 

15 

to 

23 

I*! 

to 

32 

22 

to 

30 

Solid  Pro,  ^op»  0.0144  Green  AO,  26.  31,  2^.,  27,  21  to  31  27.5 

: L I Sample  Vll  |;3.  M , 31  , 2^.  21 j 1 

*0.010  Inch  edge  com  0,03  inch  per  minute.  The  test  is  terminated  wl^en  a low  voltage  current 

that  is  connected  tc  *^or  makes  contact  with  the  groun<led  steel  support.  Readings  are  taken 

12  Inches  apart.  The  ir  .j  comluctor  is  rotated  120*  after  each  test. 


c.  flat  Plate  compression  • The  flat  plate 
compression  test  iictermines  the  force  in  poumls 
that  is  required  to  crush  2.23  inches  of  insulation 
between  tuo  steel  plates  at  0.05  inches  per  minute. 
The  test  Is  performed  with  the  Inscron  Machine. 


The  range  of  the  results  tor  *11  samples 
tested  is  between  275  and  2720  lbs.  The  best  per* 
fortiunce  is  shown  b>  die  solid  propy lene*ethy lene 
copolymer  insulations,  fol  lt»wed  by  solid  HDPE  in- 
sulation with  tlie  cellular  propylenv-ethy lenc 
copi>lymer  ranking  third.  Hie  details  of  all  tests 
are  recorded  in  Table  16. 


table  16 

PLAT  PUTE  COMPRESSIW  OF  SOLID.  CEI.U’UR  AKD  FOAM  SKIN  TELEPHONE  IKSUUTIOKS 


Color  ol 
Insulation  ano 
Round  Robin 
Wall  Test  Samnlc 

Thickness,  Number 

Inches  if  A'i'llcahle  Individi:.}!  Result 


Cel lul  ir  MDPE 


Cellular  HOPE 


Foam  Skin,  HOPE 


Foam  Skin,  HOPE 


Solid  LDPE 


0.()04d 


0.009Q 


■ 


Cellular  Prop.  Eth.  Cop|0.n099 


Cellular  Prop.  Eth.  Cop  0.0099 


Solid  HOPE 


Solid  I’DPE 


Solid  Prop,  Eth.  Cop, 


[Solid  Prop.  Eth.  Cop.  lo.ni^/* 


White 

S »n:3  le 

11 

Green 

White 

Green 

Green 

Sample 

VIIl 

White 

Sample 

VI 

WlUte 

Sample 

I 

Green 

Sample 

til 

Green 

Sample 

VI  I 

295.  255,  275<'' 


3c)0,  U.0,  35<''l' 


910,  mo,  1040  , 960, 
840  , 830,  1090,  I -60, 
840.  840 


1600,  1250,  1170,  1390, 
1570,  1330,  1530,  1070, 
1)10,  1470 


1460,  14S0 


2725.  2400 


.-.vera, 

755  to  295 

275 

300  to  350 

330 

285  tc  450 

357 

285  to  520 

363 

590  to  950 

707 

830  to 

1110 

952 

880  to 

1170 

995 

1070  to 
1600 

1389 

1260  to 
1740 

1422 

2050  to 
1050 

2610 

White  2250,  2150,  2775,  2750,  2150  to 

Sample  V 2350,  3050,  2750,  2550,  3325 

I 3250,  3325 

*2.25  inches  of  insulation  are  crushed  between  two  steel  plates  at  0,05  inch/minute.  The  test  is 
terminated  when  the  conductor  makes  contact  with  the  flat  steel  plates.  The  readings  are  taken 
12  Inches  apart  and  the  Insulated  wire  is  rot ateil  120*  after  each  test. 

(1)  Sample  depleted. 
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d.  Sutanary  of  Mechanical  Strength  Perforaunce 
Rac in^s  - Ry  Ci^mblnint;  che  ratintcii  of  the  insula* 
t Ions  tested  for  scrape  abrasion,  knife  edge  and 
flat  plate  depression,  it  is  clearly  de<*K'nst rated 
in  Table  17  that  the  solid  propy lene*echy leno 
copolymer  and  HOPE  insulations  have  che  greatest 
resistance  to  mechanical  da'^'-ige,  while  Che  Hl)P£ 
all  foam  and  foam  skin  insulations  need  che  greatest 
care  when  they  are  installed  in  pedestal  terminals. 


Sir>!MARY  or  PERFORMVNCE  RAnSGS  Of  IXSlUriliKS  REGARPm;  RKSISTAKCE  TO  SCRAPE  ABRASION. 


KXirt  EDGE  AND  FUT  PLATE  COMPRESSION 


Cellular  HOPE 


Foam  Skin,  HDPE 


Cellular,  HDPE 


Solid  IJ)PE 


Wall 

Thickness , 
I nches 


0.0099  White 

Sanp 1 c II 


Foam  0.0108  Green 
Skin  0.0023 


0,0099  Green 

Sari'lc  IV 


0,009  Green 


Foam  Skin,  HDPE 


Cellular  Prop,  Eth,  Cop.  0,0099 


Cellular  Prop,  Eth.  Cop.  0.0099 


Solid  HOPE 


Solid  Prop.  Eth.  Cop.  0.0144 


Solid  Prop.  Eth.  Cop.  0.0144 


Green 

Sample 

VI  IT 

White 
Samp Ic 

VI 

White 

Sample 

1 

Green 

Sample 

111 

Green 
Samp  le 

v:  I 

White 

Sample 

V 

SUMHAKY 


AOJiOktgUCDgyTS 


rhe  meobert  of  working  group  434  anti  (hair  chair* 
nan  have  matie  a great  ami  aucceaaful  effort  In  con- 
duct ing  the  round  robin  teat  in  order  to  appraiae 
the  validity  of  air  inren  aging  of  inaulationa  va 
differential  thermal  analyaia  aa  a meana  to  predict 
the  aervice  life  of  the  filled  cable  inaulationa. 
When  an  explanation  waa  aough^  to  explain  the  wide 
rangea  of  teat  reaulta  that  were  obtained,  they 
made  information  available  that  helped  to  explain 
the  differencea  in  teat  reaulta.  It  waa  detaon- 
atrated  that  the  aelected  teat  temperature  in  the 
air  ovena  muat  be  preciaely  maintained  witfin 
* 0.3*C.  It  waa  found  that  the  aolid  inaulationa 
diaplayed  aatiafactory  aging  performance,  before 
and  after  contact  with  the  petrolatum  baaed  filling 
compounda.  The  cellular  Inautationa  teated  were 
found  to  embrittle  earlier  than  their  aolid  counter- 
parta,  their  aervice  life  la  approximately  30*^  to 
SO*  shorter. 

Comparing  the  test  data  from  tlie  differential 
thermal  analysis  with  results  from  the  air  oven 
aging  test,  it  was  found  that  the  teat  data  are 
related  only  in  the  ver>'  broadest  sense.  An 
answer  has  not  been  found  why  the  teat  results 
from  the  well  defined  irTA  test  vary  so  widely  be- 
tween the  various  laboratories. 

Based  on  the  results  of  the  Round  Robin  Test,  a 
carefully  defined  air  oven  method  has  been  proposed 
CO  the  REA  as  an  initial  qualification  test  for 
oxidative  stability  of  high  density  polyethylene  or 
propylene -ethylene  copolymer  insulated  comhictors 
which  are  utilized  in  filled  telephone  cables. 

The  life  of  insulation  in  pedestals  is  shortened 
if  sunlight  enters  the  pedestals,  since  neither  the 
Insulation  cotiipounds  nor  the  color  concentrates  are 
designed  to  be  resis  int  to  I’V  radiation. 

Another  factor  that  can  affect  Insulation  life  in 
pedestals  is  mechanical  damage  that  may  occur  during 
termination  or  reentering.  All  foam  and  foam-skin 
Insulations  require  conslilerably  more  care  than 
solid  HDPE  and  propy lene-ethy lene  copolymer  Insu- 
lat ions . 
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Alatract 


Teat  Metliod  and  Ry»>ult< 


Sclt'-capacltance  stability  teats  on  t'o.iffl, 
foam^skin  and  solid  insulated  vires  innersed  in 
water  show  the  first  two  types  to  he  substant ial ly 
less  stable.  Three  and  one~h.ilf  vears  duration 
water  tnvnersion  tests  on  filled  cables,  hovt'vcr, 
show  all  three  hislc  types  of  Insulation  to  h.ive 
practically  equivalent  performance,  both  in  measured 
mutual  capacitance  and  loss  tangent  stability.  Tlie 
accuracy  of  measured  loss  tangent  appears 

to  be  quest lon.ible  and  so  is  the  interpretation  of 
its  values  as  measured.  The  knowledge  of  true  loss 
tangent  behaviour  is  most  Important  in  assessing 
cable  attenuation,  e*-pecially  at  carrier  frequen- 
cies. 


Introduction 

Foiim  or  foam-skin  Insulated  filled  tclcph'nc 
cables  are  preferred  by  the  users  because  of  favor- 
able economics  compared  to  conventional  solid  in- 
sulated filled  cables.  To  Illustrate  this  point 
more  clearly,  about  307  expanded  (hv  volume)  foam 
insulation  permits  the  reduction  of  filled  c.able 
dimensions  to  the  sane  values  as  in  the  air  core 
cables.  Adoption  of  these  newer  designs,  however, 
raises  several  questions  relating  to  their  perfor- 
mance, namely: 


Tlie  study  present«*d  in  this  psper  wss  United 
to  No.  22  AWG  singles  of  filled  cable  dlnensl'vns 
and  No.  22  AVG  filled  cables. 

The  singles  enploved  the  following  tvpes  of 
insulat ion: 

a.  Solid  propylene-ethylene  copolviser  <PP). 

b.  Solid  KDPr. 

c.  307  expanded  (by  volune)  HDPF  foaa. 

d.  ^2  expanded  (by  volume)  Inner  laver 
with  0.002**  thick  solid  skin  HDPF 

f o.tn-skin. 

Tliree,  V)  pair  cables  studied  were  covered 
with  our  standard  FPA  sheath  and  wore  filled  with 
the  following  filling  ci>tBpounds  respectively: 

i.  85/15  compound  - 852  PJ  ♦ 152  PF-  + 

Htahil Izers. 

11.  92/8  ci^p*nind  - 922  PJ  + 87  PE  ♦ 
stabi  M2ers. 

iii.KTlAC  c*>»pound  - 1002  PJ  blend  + 

> tabi 12 ifs. 


i.  Immunity  to  water  in  terms  of  stability 
of  electrical  transmission  character- 
istics. 

il.  Conductor  to  conductor  voltage  with- 
stand level. 

iii.  Immunity  to  Insulation  cell  filling 
by  oils  contained  Ir  the  petrolatum 
based  filling  compounds  or  electrical 
transmission  stability  with  In-sorvUe 
aging. 

Iv.  Mechanical  strength  of  the  Insulation. 

This  study  addresses  Itself  to  the  first 
question  only,  namely,  Che  stability  of  open  cir- 
cuit admittance  when  filled  cables  employing  foam, 
foam-skin  and  solid  insulations  are  subjected 
to  the  industry  standardized  water  immersion  test. 


F^ich  cable  had  unit  core  instruction  with 
tinit  insulation  tvpes  as  given  b«  low:  ^ 

/ 

a.  Solid  propvlene-ethylene  copolNtncr  (PP), 

b.  Solid  HOPE. 

c.  302  expanded  (by  volume)  'tDPE  foam. 

d.  502  expanded  (by  volume)  Inner  layer  with 
0.002”  thick  skin  - propylenc-ethvleno 
(PP)  foan-akln. 

The  length  of  all  samples  of  singles  was  100 
feet.  These  were  coiled  and  one  set  was  Immersed 
In  tap  water  b'Sth  at  room  temperature.  A second 
set  was  immersed  In  tap  water  which  was  maintained 
at  65*C  and  so  was  the  third  set  of  samples  but 
after  prior  aging  for  one  week  in  petrolatum  at 
70*C.  Self-capacitance  (Cg)  of  each  sample  was 
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niMsiiroil  r^'riodlt  .il  Iv  il  11M)0  H/,  uHint;  •»  capat'i-* 
t.incf  brlUct*  »w  *ln>:  au  accuracy  oi  O.P. 

'Hu*  ntMMurcd  ch.in»:c  in  hv It-capacitancv  of 
Hin>;U‘K  wich  eimc  of  infflortilon  at  room  tc^mporaturi* 
is  sltowni  in  riv’.ure  t.  and  that  tor  nin^Icti  i*«n«,*rNi‘d 
in  waiiT  at  b5*C  is  shi'V'n  In  KiKurc  J. 

All  tilled  cable  ^anples  v%*re  30  leet  li»n»! 
with  2b  teet  ot  their  len»tth  ImmerHed  iind«r  a 1 
foot  head  ot  tap  water  at  room  temperature.  Molen. 
3/8"  in  diameter,  were  cut  throu»th  tlu*  cable  Hheathn 
and  core  tape.  The  holes  w%*re  12  imheK  .tp.irt  and 
rot«ited  90*  lror«  each  other  in  a tised  direition. 

Tip  to  ground,  rin^  to  ttround.  and  tip  plun  rin>; 
to  ground  capacitance  and  disnipation  to.  tor 
measurenents  w*ere  made  per  iini  ic.il  I v at  1000  H2. 
nsinx:  a ratio  arm  transformer  tvpe  capa.  it.ince 
bridge.  The  chan>;es  in  pairs  eapac  i t ances  of  each 
type  of  insulation  and  In  each  tvpe  ot  cable  were 
determined  over  a 3-1/2  year  period  ot  immersion. 

For  brevity,  onlv  the  averav»e  measured  values  lor 
each  insulation  tvpe  and  only  tor  ^2'8  ctimpotind 
tilled  cable  are  »5lven.  These  results  are  sls'wn 
in  Table  I.  ('alcul.iletl  HMIO  Hz  mutual  cap.icit  m e 
and  mutual  dissipation  tactor  are  sls'wn  ttraphic.il  ly 
in  riituro  3. 

Apart  t rom  the  above,  additional  two  pair 
No.  22  AU’O  cables  were  prepared  and  tested  under 
imlustrv  standardized  water  immersion.  Fac h of 
these  cables  employed  solid  IlDPF  insul.ition,  but 
one  was  filled  with  c*ur  production  tilling;  cotnp»nind 
»>9.  while  the  ot!»er  had  8S/15  filling  c<»mpound. 

Both  lables  were  allocated  to  carrier  frerjuen  les 
sttidies  and  Fl);ure  -4  shows  their  per  cent  cltanv^es 
in  772  kHz  attenuation  with  time  of  immersion 
in  water  at  room  temperature.  Attenuat Ion  values 
were  determined  by  calculation  from  measured 
resist,  nee.  Inductance,  capacitance  and  conducl- 
.ince  of  pairs  at  772  kHz. 

Discussion  of  Capacitance  Test  D^^ 

The  concern  with  chanRt*  in  open-circuit  ad- 
raltt.mce  character  1st Ics  on  water  entry  or  raolslure 
ingress  Into  foam  or  foam-skin  Insulated  filled 
cable  core  is  justified  because  ti’.im  ami  foan-skln 
insulations  c.in  be  expected  to  .‘!^sorb  water  Into 
their  cells  through  a known  mechanism  of  water 
vapour  permeation  and  condensation.  This  plienome- 
non  is  slnll.ir  to  th.it  already  observed  in  air  core 
tvpe  cables,  when  w.itcr  vapour  was  found  to  perme- 
ate through  the  polyethylene  jacket  .ind  condense 
In  the  cores  of  these  cables,  I on  the  other  ii.iml , 
solid  insulations  change  to  much  lesser  degree  and 
theoretically  should  be  immume,  since  solid  poly- 
ethvlones  or  propylene-ethylene  copolvmers  can 
absorb  water  only  In  parts  per  mil  lion. 2 

The  behaviour  of  the  three  tvpes  of  Insulated 
singles  studied,  l.e.  solid,  foam  and  foam-skin. 
Immersed  In  water  at  room  temperature,  Is  shown  In 
Figure  1.  This  self-capacitance  stability  data 
Is  difficult  to  Judge  because  of  the  slow  rate  of 
moisture  Ingress  into  the  insulations  under  study 
due  to  low  vapour  pressure.  In  general,  however, 

It  Is  apparent  tliat  the  difference  In  performance 


bftweevi  «4ttid  .ind  exp.tnded  insul.ic  ions  1«  snail, 
with  iktiids  b«'lng  iMknt'viiat  mtre  scsbic. 


Tlie  tc-!per.iture  .iccelerated  lest  on  the  sin- 
gles, rondiicti*d  .It  h5*C  - see  Figure  2,  sht>VH  verv 
significant  differences.  WTilIe  the  scl  f-c  c/.ic  I- 
tance  of  H«>!ld  Insul.ited  conductors  st.iblllzes  at 
1 to  52  lex'«*l  i»f  incre.ise.  the  sel f-cap.ic i t .ince  ol 
singles  with  cellul.ir  insul  at  ions  is  f.tr  less 
stable  and  In  tests  io-dai»-,  did  not  re.tch  equili- 
brium with  an  .observed  c.ipac i t.incc  increase  ot  up 
to  -402.  The  outer  solid  pl.isric  skin  of  foam-skin 
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type,  as  expected,  is  not  an  important  factor  in 
retarding;  moisture  inKress.  Complete  fillinK  of 
cellular  insulations  with  water,  thi*oret ical ly  can 
result  in  significantly  higher  Increase  in  the 
dielectric  constant  than  40t  observed  In  tests 
to-date. 

Of  special  Interest  are  two  distinc*:  slooes  in 
self-capacit.mce  ch*mge  of  singles  immersed  in  water 
at  elevated  temperature.  The  inflection  points  on 
the  curves  more  or  less  coincide  in  time  for  ail 
types  of  insulations  studied.  This  appears  to 
signify  bridging  by  condensed  water  of  small  air 
gap  that  Is  practically  unavoidable  around  the  metal 
conductor.  This  Is  the  primary.  If  not  the  onlv. 
reason  for  the  increase  in  se I '-capacitance  of  solid 
insulated  singles,  and  implies  limited  or  no  adhe- 
sion of  the  insulation  to  the  conductor.  The  small 
space  between  the  conductor  and  the  inner  wall  of 
any  Insulation  is  inherent  for  all  standard  insu- 
lation materials  and  can  often  be  made  substantial 
by  an  inadequate  Insulation  extrusion  process 
through  improper  cooling  in  the  water  trough. 


After  reaching  the  inflection  point  indicated 
above,  the  solid  insulated  aingles  tend  to  ktabi- 
lice  In  self-capacitance  vfiile  the  expanded  in- 
sulations continue  to  Increase  in  self-capacitance 
due  to  the  continued  ingress  of  moisture  into  the 
insulation  cells  and  its  condensation.  Moisture 
Ingress  Into  insulation  lells  is  the  cause  of  tlie 
greater  rate  of  change  fn  sell -capacitance  of  foams 
up  to  the  Inflection  point  and  Its  higher  level  in 
genc'ral.  The  effectively  thinner  polvneric  »en- 
brane  of  cellular  walls,  results  in  the  lnflc«^tion 
point  occurring  Simewh.it  earlier  in  tine  than  for 
solid  insulations. 

It  Is  interesting  to  note  the  finding  that  tlie 
theorized  .lir  gap  around  the  conductor  apparently 
causes  an  earlv  change  in  self-capacitance.  This 
appc.irs  Co  be  due  to  highly  conductive  surface  of 
the  conductor  which  bridges  condensed  tinv  droplets 
of  water  th.it  collect  on  the  conductor  or  on  the 
inner  wall  of  the  insulation  tube.  This  gives  the 
c*quivalent  of  an  increase  in  conductor  diaacter. 
Lower  temperature  of  the  conductor,  through  air 


TABLF  1 


Experimental 

1000  Hz 

.Aver.itfe  P.irtl.il 

C^pnrltanre  .md  DinxJpJtion  F;ictor  Data  for 

Kp.  22 

92/8  Filled 

Cable  in 

Water  Immersion 

Test  at 

Rnom  Temperature. 

Irmersion 

Solid  PP 

Solid  HDPF 

Time 

1 Wire  to 

G 

2%Mres  to 

C 

1 Wire 

to  0 

2'‘’ires  to 

<■  f 

t,  days 

C.pF 

t.ino 

t.inJ 

can  A 

t 

S 0 

729.80 

.00062 

1033.16 

.00075 

715.09 

.00046 

1005.66 

.00075 

17 

735.91 

.00192 

1045.96 

.002S4 

724.93 

.00123 

1010.70 

.00208 

32 

740.56 

.00250 

1058.69 

.00392 

731.16 

.00198 

1044.03 

.00377 

47 

742.33 

.00272 

1062.10 

.00441 

733.20 

.00225 

1049.93 

.00420 

89 

747.45 

.00325 

1074.48 

.00582 

740.48 

.00258 

1068.63 

.00503 

129 

753.29 

.00359 

1086.02 

• 006^4 

747.32 

.00282 

1082.72 

.00552 

194 

756.83 

.00386 

1093.52 

.00710 

751.87 

. 00304 

1096. 37 

.00617 

255 

757.12 

.00395 

1095.42 

.00746 

751.85 

.00117 

1098.67 

.00643 

325 

764.49 

.00441 

1114.34 

.00848 

761.50 

.00367 

1123.47 

.00745 

390 

771.08 

.00476 

1128.24 

.00920 

768.77 

.00382 

1140.88 

.00773 

607 

781.56 

.00549 

1151.98 

.01064 

778.74 

.00451 

1165.95 

.00920 

987 

791.79 

.00770 

1177.68 

.01434 

784.48 

.00575 

1182.22 

.01135 

1270 

799.95 

.00884 

1194.44 

.01604 

793.82 

.00682 

1202.48 

.01322 

Foam  MDPE 

Foam-Skin  PP 

0 

677.20 

.00081 

959.57 

.00107 

711.44 

.00062 

987.15 

.00085 

17 

688.85 

.00182 

985.  36 

.00312 

724.71 

.00158 

1017.74 

.00317 

32 

696.83 

.00221 

1003.68 

.00418 

731.74 

.00190 

1034.44 

.00395 

47 

698.76 

.00236 

1008.93 

.00443 

733.44 

.00210 

1037.97 

.00422 

89 

703.88 

.00264 

1021.97 

.00512 

737.43 

.00230 

1048. U8 

.00483 

129 

707.25 

.00244 

1025.14 

.00487 

740.17 

.00248 

1053.75 

.00507 

194 

712.03 

.00271 

1040.50 

.00535 

745.60 

.00231 

1063.48 

.00512 

255 

712.04 

.00324 

1041.48 

.00612 

746.47 

.00234 

1064.85 

.00498 

325 

718.19 

.00375 

1057.82 

.00710 

751.87 

.00308 

1082.45 

.00598 

390 

727.04 

.00418 

1077.95 

.00812 

760.03 

.00347 

1102.07 

.007-2 

607 

737.83 

.00487 

1104.42 

.00943 

771.02 

.00392 

1126.63 

.00858 

987 

750.65 

.00587 

1134.23 

.01138 

781.31 

.00524 

1152.60 

.01095 

1270 

764.03 

.00777 

1162.75 

.0144  5 

794.20 

. 00586 

1179.95 

.01227 

Singles  that  were  aged  at  elevated  temperature  cooling  cf  conductor  ends  which  protruded  out 
In  petrolatum  are  subject  to  greater  change  In  self-  the  water  bath,  may  be  responsible  for  W'-re 

capacitance,  as  such  aging  causes  the  insulation  to  efficient  condensation  of  water  vapour  in  the 

swell,  especially  away  from  the  conductor,  and  con-  .jjj.  ^p^ce  around  the  conductor  of  relatively 

sequently  increases  the  gap  at  the  conductor.  short  samples  that  were  under  study  in  the 
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experimental  set-up. 

Tlie  greater  Immunity  to  water  Ingress » in 
terms  of  capacitance  stability,  of  solid  insulated 
filled  cables  than  of  foam  or  foam-skin  types,  was 
not  observed  on  actual  filled  cable  samples  select- 
ed for  test.  The  test  data  taken  at  ro^m  tempera- 
ture for  about  1300  days  of  immersion  - see 
Figure  3 - indicate  that  the  expanded  insulations 
are  as  stable  as  solid  insulations.  In  test  n»'t 
reported  here,  ssuill  relative  differences  in  per- 
foriminco  between  studied  insulations  were  observed 
in  other  filling  compounds  and  in  some  cases  ex- 
panded insulations  appeared  to  be  somewhat  more 
stable.  Tlte  overall  level  of  mutual  capacitance 
(Cfl,)  Increases,  however,  v..rled  f roo  one  filling 
Ci>mp?und  to  another,  as  it  was  already  pointed 
out  In  reference  ). 


:x  n $ •«»* 


tilled  c.able  core,  can  subsC  ant  lal  Iv  increase  the 
dielectric  loss  of  the  core  medium  ifilling  com- 
Pi*und)  and  this  will  Increase  tl»e  attenuation  ot 
the  cable,  especlsllv  at  carrier  f re<}uenc les. 


Li.  A et  *••»»»; 

» » e • e 

•a*!  ru**  e »■» 


« 77  to  Mult  camiw*  mna 

toftsim  n$n 


The  comparable  performance  of  cellular  and 
solid  Insulations  In  filled  cables  appears  to  be  in 
part  due  to  limited  access  ot  water  to  tbc  singles 
since  the  cable  core  is  filled  and  In  part  due  to 
testing  at  room  temperature  when  even  performance 
in  water  of  singles  with  various  insulations  is 
only  slightly  different.  Probably,  the  most  Im- 
portant factor  is  the  limited  duration  of  testing 
as  data  shown  In  Figure  2 suggest  strongly  that, 
given  enough  time  and  suit.ible  environment , cel  lu- 
lar  Insulated  filled  cables  will  change  more  with 
water  Ingress  than  the  solid  insulated  rabies. 
Longer  time  testing  or  accelerated  testing  Is  re- 
quired to  prove  or  disprove  the  latter  and  to 
determine  whether  the  mutual  capacitance  ot  cellu- 
lar cables  at  full  saturation  with  water  will  be 
larger  than  the  half  value  of  the  self-capacitance 
of  singles,  or  C9/2. 

Discussion  of  Dissipation  Factor  Test  Data 

The  interest  in  the  behaviour  of  the  dissipa- 
tion factor  of  cable  pairs  (loss  tangent),  stems 
from  the  known  fact  that  water  entry  Into  the 


A typical  ex.taple  of  attenuation  change  at  Tl 
carrier  frequency  of  772  kHz,  for  water  limncrsed 
No.  22  AVC  solid  insulated  filled  cables  with  H5/15 
and  Q9  filling  Ci>mpounds  is  shown  in  Figure  4.  Tftis 
data,  which  was  derived  from  measured  primary  para- 
meters R,  I.,  C ind  C,  show  that  i 

a.  The  Increase  in  carrier  frequencies  at- 
tenuation due  to  moisture  induced  in- 
crease in  the  dissipation  factor  Is 
significantly  higher  than  that  due  to 
increase  in  mutu.-'l  capacitance. 

b.  The  moisture  ingress  into  poorlv  designed 
filled  cables  can  cause  significant  in- 
crease In  attenuation  at  carrier  frequen- 
cies. 

The  mutual  dissipation  factor  data  graphed  In 
Figure  3 suggests  that  foam,  fo.im-skln  and  solid 
insulated  filled  cables  have  similar  stability,  hut 
the  analysis  of  the  1000  Hz  loss  tangent  test  re- 
sults, given  In  Table  I,  points  to  a serious 
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anofikiUty*  Practically  Inmcil lately  upon  iMeralon 
of  filled  cable  Hamplea  in  water  coaputeJ  by  con- 
ventional method  lua»  tanKent  of  wire-to-w‘re 
branch.  U found  to  be  negative.  Hie  aeatfurcil  loaa 
tangent  values  of  t Ip-t^v-grouml,  rlng«to-ground 
ind  tip  plus  rlng-to-ground  circuits  in  each  case 
a’’e  positive  but  the  magnitude  of  computed  loss 
tai gent  of  wlre-to-wlre  circuit  is  not  only  nega- 
tive but  Increases  with  time  of  iomerslon. 

The  reasons  for  the  calculations  yielding 
negative  result  can  readily  be  seen  from  the  lollow- 
ing  accepted  relationship: 

Cj  - ‘'t  * ~ ^tTf 


where  Cj 


conductance  of  wir€*-to-wlre 
circuit. 


Cl  ■ conductance  of  t Ip-to-ground 
circuit. 

Gj-  ■ conductance  of  ring-to  ground 
circuit. 

^t  ♦ r • conductance  of  tip  plus 
rlng-to-Rround  circuit. 

The  above  Indicates  that  if  the  sum  of  measur- 
ed conductances  of  tip-to  ground  and  rlng-to- 
ground  is  smaiicr  elbin  th.ic  measured  for  tip  plus 
rIng-to-ground,  Gj  will  calculate  to  be  negative. 

The  above  described  finding  tends  to  imply  the 
fol lowing  possibil it les: 


smpu:  «>c^tK  9 uMcMitfi 

miw  I*  iTst  mrfK- 

Hu*  example  of  calculated  values  of  capaci- 
tance .ind  dissipation  factor,  fr<MD  measured  data 
Hhi>vn  In  Table  I,  for  So.  22  AWG  cable  filled  with 
92/8  compound  and  employing  solid  HDPK  Insulation, 
is  illustrated  below: 


Tine  of 

Immersion, 

Davs 

Wirt— to-Ulro 
Capacltancf, 

Pf 

Wlrc-lo-VIre 
tan  r 

0 

212.26 

-.00023 

47 

208.24 

-.00267 

194 

203.69 

-.00538 

607 

I9S.77 

-.00946 

1270 

192.58 

-.01316 

a.  The  assumed  conventional  admittance  cir- 
cuit for  the  telephone  cable  pair  is  not 
valid  for  cables  with  elements  oi  core 
mcdiinn  having  high  dielectric  loss,  at 
least  as  tar  as  conductances  are  con- 
cerned . 

b.  Conventional  interpretation  of  measured 
conductance  results  on  cables  with  vet 
filling  compound  or  "scml-conductlng" 
cable  core  medium  app<^,.rs  to  be  not 
correct . 

or  c.  Capacitance  bridges  used  in  the  tests 
do  not  yield  correct  results. 

The  test  program  described  herein  was  carried 
out  using  bridges  of  the  ratio  arm  transformer  type. 
Their  simplified  circuit  diagram  is  shown  In 
Figure  5 for  tip,  ring  or  both  wires  to  ground 
-easurements.  llutual  admittance  was  measured 
with  ground  taken  off  terminal  b and  only  specimen 
point  e grounded,  while  wire-to-wlre  measurements 
were  made  with  specimen  point  c connected  to 
terminal  d of  the  bridge  with  ground  point  switched 
from  b to  d. 


Directly  measured  results  on  wlre-lo-vlre 
branch,  made  the  observed  anomality  even  raore 
puzzling,  since  the  obtained  values  were  negative 
and  confirmed  In  general  the  figures  calculated 
from  the  st.tndard  three  neasurt-ments  to  ground. 
Measured  negative  loss  tangent  on  any  passive 
circuit  Indic.ites  incorrect  procedures. 

The  Implication  of  the  above  findings  is  that 
the  c.ilculated  mutual  loss  tangent  m<iv  also  be 
incorrect,  since  ibc  conventional  Intcrprotat ion 
specif ies 

•4 

where  G^^  • mutual  conductance. 

Thus,  the  tost  data  validity,  including  that 
shown  in  Figure  A,  is  questionable.  The  gjfject 
requires  further  studies,  especially  on  cables 
before  and  after  Immersion  In  water. 
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Conclusions 


1.  Foam  and  foatn-skln  Insulatod  filled  cables  In 
water  immersion  tests  of  i-1/2  years  duration 
are  as  stable  in  capacitance  .is  solid  insula- 
ted cables. 

2.  Foam  and  foam-skin  singles  In  teiiperature  ac- 
celerated water  Immersion  tests  show  significant- 
ly less  stable  self-capacitance  than  their 

sol  id  insulated  counterparts. 

3.  Solid  skin  in  foam-skin  Insulation  type  is  not 
a significant  factor  in  mitigating  nu^isture 
Ingress  into  the  underlying  foam  laver. 

4.  Small  air  g.ip  between  the  insulation  and  the 
conductor  appears  to  be  the  re.ison  for  changes 
in  self-capacitance  of  solid  insulated  singles 
measured  in  water,  Tliese  changes,  however, 
are  relatively  small. 

5.  Measured  dissipation  factor  values  on  filled 
cables  that  have  moisture  in  their  cores, 
using  the  procedure  described,  appears  to  be 
incorrect.  This  subject  requires  further 
studies. 
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ANALYSIS  AND  CONTROL  OF  CAPACITANCE  UNBALANCE  TO  GROUND  IN  FILLED  CABLE 


Joaquin  Prosper 


CABLES  DE  COMUNICACIONES  S.A. 


ABSTRACT 

One  of  the  greatest  problems  in  the  manufacture  of 
filled  cable  today  is  that  of  reaching  the  specified 
requirements  in  the  capacitance  unbalance  to  ground. 


Subsequently  other  effects  (‘)  such  as  insertion 
loss  peaks  and  special  forms  of  crosstalk  appear 
in  high  frequencies  (T2  carrier),  thus  making  them 
unacceptable  in  the  transmission  of  pairs  with  a 
high  level  of  capacitance  unbalance  to  ground. 


This  paper  shows  a study  in  which  all  the  changes 
that  in  one  way  or  another  can  interact  in  the  capa- 
citance unbalance  to  ground  are  analyzed.  Unfortun- 
nately  it  is  not  possible  to  control  many  of  these 
at  present,  but  by  them  we  can  detect  those  that 
have  greater  effect  on  the  unbalance,  thus  enabling 
us  to  concentrate  our  efforts  in  improving  them. 

Experimental  cables  were  made  to  conduct  this  study 
and  the  samples  show  that  70-80'  of  the  capacitance 
unbalance  to  ground  are  explained  by  changes  in  the 
coaxial  capacitance,  this  means  that  the  control  of 
the  coaxial  capacitance  is  the  most  important.  The 
unbalance  to  ground  on  the  experimental  cables  was 
well  within  the  specified  limits,  obtaining  a better 
accumulative  distribution  of  the  unbalance  than  in 
the  air-core  standard  PIC  cable. 


INTRODUCTION 

Historically  from  the  beginning  of  multipair  cable 
one  of  the  greatest  problems  the  manufacturer  has 
had,  has  been  to  obtain  a satisfactory  balance  of 
the  pairs.  This  characteristic  is  important  as  it 
determines  the  pick-up  noise  in  the  pair  circuits. 

After  a study  around  1972  on  the  maximum  metallic 
noise  that  could  be  accepted  from  a paired  circuit 
transmission  viewpoint,  the  maximum  medium  value 
acceptable  was  determined  on  the  capacitance  un- 
balance to  ground  in  a multipair  cable.  In  this 
way  the  manufacturer's  specification  was  established 
at  150  pF/Kft  for  the  19-22  (AWG),  at  200  pF/Kft  for 
the  24-26  (AWG), and  an  individual  maximum  of  435 
pF/Kft  for  any  gauge. 

At  that  time  filled  cable  was  becoming  very  popular. 
The  methods  of  insulating,  pairing  and  stranding 
were  the  same  as  in  non  filled  cable  but  with  a 
greater  effective  dielectric  constant  than  non 
filled,  therefore  the  increase  in  the  capacitance 
unbalance  to  ground  was  in  the  range  of  30-707. 

On  the  other  hand  with  the  introduction  of  the  T- 
carrier  system  the  control  of  pick-up  noise  has 
become  more  important,  consequently  the  level  of 
unbalance  to  ground  should  be  minimum  or  at  least 
within  the  required  specifications. 


This  has  led  to  great  efforts  by  the  cable  industry 
to  meet  (in  filled  cable)  the  specified  values  of 
capacitance  unbalance  to  ground. 


To  the  present  date  there  has  been  very  little 
published  on  the  way  to  reduce  the  unbalance  level 
to  ground  on  a normal  production  of  multipair 
filled  cable.  The  object  of  this  “paper"  is  to 
present  the  result  of  a study  showing  the  correla- 
tions of  the  capacitance  unbalance  to  ground  with 
different  parameters. 

THE  PARAMETERS  WHICH  HOST  EFFECT  THE  UNBALANCE  TO 
GROUND 

According  to  Maupin  (^)  the  individual  capacitance 
to  ground  of  a wire  in  a balanced  shielded  pair 
(Fig.l)  is  expressed  by  a complicated  function; 


CQ"  s r'  '^m.Fg 

(A  h 


(1) 


FcfluAe  I 

BaiAnctd  iliie-Cdcd  pact 
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where  in  formula  (1): 

em  = Medium  dielectric  constant 
d = Diameter  of  the  conductor 
S = Interaxial  distance 
D = Effective  diameter  of  the  shielding 
Fg  = Dimensional  and  geometrical  function  of  the 
cable 

In  conclusion  it  is  indeed  quite  simple  to  deduce 
that  the  unbalance  of  capacitance  to  ground  des- 
cribed as: 

Cug  = Cgi  - Cgj  = c^  (Fgi-Fg,)  (2) 

Is  directly  proportional  to  the  dielectric  constant 
of  the  medium  and  of  the  difference  in  the  dimen- 
sional or  geometrical  functions  of  one  of  the  wires 
in  the  structure  of  the  cable. 

As  it  is  well  known  the  manufacturing  process  for 
filled  and  unfilled  cable  is  the  same.  It  is  in 
fact  identical  to  non  filled  cable  if  we  omit  the 
filling  process.  Consequently  the  difference  in  the 
dimensional  function  (2)  will  stay  unchanged  and  the 
unbalance  to  ground  will  increase  according  to  the 
increase  in  the  dielectric  constant  of  the  medium. 

Due  to  the  fact  that  the  effective  dielectric  con- 
stant of  the  medium  is  between  1.75  - 1.81  in  non 
filled  cable  and  2.23  - 2.3  in  filled  cable,  the 
increase  that  should  be  expected  in  the  capacitance 
unbalance  to  ground  of  filled  cables  compared  to 
ron  filled  would  be  about  30  . Nevertheless  it  is 
a fact  that  the  unbalance  to  ground  increases  in 
the  order  of  30-70  . This  shows  us  that  the  differ- 
ences in  the  geometrical  functions  do  not  stay  con- 
stant or  that  other  parameters  exist  which  are  not 
considered  in  the  expression  (1). 

Evidently  a multi-pair  cable  is  of  an  extremely  com- 
plex geometrical  structure  which  cannot  exactly  be 
resembled  to  the  "shielded  balanced  pair"  model,  due 
to  there  being  many  variables  which  can  interact 
with  the  capacitance  unbalance  to  ground. 

Principally  the  following  parameters  are  considered 
to  have  the  most  effect  on  the  capacitance  unba- 
lance to  ground; 

a.  Diameter  of  the  conductor 

b.  Diameter  over  insulation 

c.  Dielectric  constant  of  insulation 

d.  Eccentricity  of  insulation 

e.  Interstitial  air  spaces 

f.  Twisting 

g.  Stranding 

h.  Expansion  percentage  (foam  insulation) 

i.  Dielectric  effective  of  medium 

j.  Pair  position 

It  is  self-evident  that  all  these  parameters  do 
have  an  influence  upon  the  unbalances  to  ground,  but 
to  establish  how  important  each  one  is  on  the  unba- 
lances to  ground  is  quite  a task. 


Nevertheless  we  do  assume  beforehand  that  there  will 
exist  a strong  interaction  in  the  parameters  them- 


selves which  we  have  Just  mentioned.  Consequently 
it  will  indeed  be  very  difficult  to  try  to  sum  up 
the  relations  between  the  unbalances  to  ground  and 
each  and  every  one  of  the  individual  parameters. 

We  think  therefore  it  is  more  logical  to  obtain 
dependent  relations  with  some  of  the  master  carac- 
teristics  which  interrelate  in  various  of  these 
parameters.  To  this  effect  one  of  the  most  impor- 
tant master  characteristics  which  can  be  found  is 
the  coaxial  capacitance.  This  coaxial  capacitance 
is  in  fact  known  to  be  a function  of  the  dimensional 
parameters  such  as:  conductor  diameter,  diameter 
Over  insulation,  dielectric  constant  of  insulation 
and  eccentricity. 

The  coaxial  capacitance  can  be  expressed  approxi- 
mately as  follows: 

Ccoax  • pF/ft  (3) 

Ln 

A dependent  relation  between  the  unbalance  to  ground 
(Cug)  and  the  coaxial  capacitance  variations 
(iCcoax)  can  be  constructively  obtained  through 
expressions  (1)  and  (3).  This  relation  for  filled 
cable  with  solid  insulation  is  approximately  given 
by: 


Cug  (pF/Kft)=  150.  ACcoax  (pF/ft)  (4) 

Figure  2 represents  the  various  dependence  rela- 
tions for  4 different  cases. 


Cug(pF/Kft) 


ACcoax  (pF/ft) 


LEGEND 

1 Solid  Insulation. 

2 30%  Expanded  Insulation. 

3 50% 

4 Solid  Insulation  on  non-filled  cable. 
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It  is  actually  possible  therefore  to  theoretically 
foretell  the  capacitance  unbalance  to  ground  value 
based  on  the  deviations  of  coaxial  capacitance 
produced  during  the  manufacture. 


conductors  were  insulated  with  solid  HOPE  and  with 
dimensions  of  86  NF/m  target  mutual  capacitance. 

The  core  configuration  in  all  the  cables  was  as 
shown  in  Figure  3. 


We  have  only  considered  the  dinientional  variations 
which  have  influence  upon  the  coaxial  capacitance, 
therefore  the  values  of  unbalance  to  ground  will 
only  be  approximate.  The  possible  effects  in  the 
processes  after  the  manufacture  such  as  pairing, 
cabling,  filling  etc.  are  not  taken  into  account. 

Unfortunately  there  exists  no  other  master  charac- 
teristic as  easy  as  this  one  to  monitor  and  control 
in  a continuous  manner  during  the  manufacturing 
process.  Under  these  circumstances  the  analysis  on 
the  influence  of  the  capacitance  unbalance  to 
ground  of  the  various  steps  in  the  manufacture  can 
only  be  performed  if  the  total  process  is  divided 
in  two  areas: 

1.  Insulation  area 

2.  Remainder  of  the  process  area  during  the  manu- 
facture 

Logically  the  first  area  will  be  controlled  by  the 
fundamental  characteristic  of  coaxial  capacitance, 
while  the  second  area  which  is  at  present  uncontrol- 
able  will  not  be  relatively  unknown  due  to  the  fact 
that  if  the  influence  of  the  first  area  is  known, 
then  that  of  the  second  area  (rest  of  the  process) 
should  equal  the  percentage  not  explained  (varia- 
tion of  the  capacitance  unbalance  to  ground)  by 
means  of  the  master  characteristic  in  the  first  area 
(coaxial  capacitance). 

EXPERIMENTAL  CABLES 


Three  50  pair  - 22  AWG  experimental  cables  were 
manufactured  to  establish  the  parameter  correlation 
which  interacts  with  the  unbalance  to  ground.  Single 
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U-13\ 
PAIR  1 

V U’13 

\ RAIR 

U12  1 

PMR  J 
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Although  these  cables  were  manufactured  in  normal 
production  condition  a preliminary  measurement  and 
control  program  was  established  prior  to  its  manu- 
facture, and  was  therefore  undertaken  throughout. 
A few  deliberatly  unbalanced  pairs  were  put  in  the 
13  pair  units  with  solid  HOPE  insulation,  in  this 
way  the  amount  of  influence  of  certain  changes 
upon  the  capacitance  unbalance  to  ground  could  be 
established.  The  exact  penalty  value  of  tlie  above 
mentioned  pairs  was  known  to  us.  Figure  4 shows 
the  defective  pairs  which  were  put  in. 
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Figure  5 on  the  following  page  shows  the  schedule 
of  controls  used. 

A different  length  of  stranding  lay  was  used  in 
each  of  the  cables  manufactured,  in  this  way  we 
could  observe  any  possible  influence  of  unbalance 
caused  by  the  core  being  more  or  less  compact. 

As  shown  in  Figure  5 the  control  during  the  wire 
insulation  process  is  given.  The  control  was 
performed  with  a coaxial  capacitance  monitor,  in 
this  way  deviation  in  wires  of  ^ 0.5  pF/ft  (i.  1 .7 
pF/m)  was  obtained. 
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CONTROLS  CARR;£D  DURING  THE  MANUFACTURE  OF  THE  EXPERIMENTAL  CABLES 
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Figure  6 shows  a photograph  of  the  equipment  for 
filling  cables  with  a petrolatum  compound  at  the 
sheathing  line, 

ANALYSIS  AND  RESULTS 

Table  I shows  us  the  average  values  of  mutual  capa 


t (Tu' 

citance  direct  and  to  ground,  together  with  tne 
unbalance  to  ground  and  its  typical  deviations,  on 
the  three  cables.  A,  B and  C manufactured  with 
solid  insulation. 


TABLE  I 


Cable 

Cm 

0 

AVERAGE  VALUES 

Cd 

AND  TYPICAL  DEVIATION  (NF/MILE) 

Cug 

0 Cq  0 (pF/Kft) 

oug 

(pF/Kf) 

Maximum 

Value 

(pF/Kft) 

A 

86.4 

1.5 

34.1 

2.6 

104.6 

3.9 

59.5 

59.2 

223 

B 

86.2 

1.5 

33.8 

3.4 

104.8 

4.1 

54.6 

52.8 

227 

C 

86.0 

1.4 

32.7 

2.3 

105.8 

4.2 

58.7 

58.2 

222 

Average 

86.2 

1.5 

33.5 

2.4 

105.0 

4.1 

57.6 

56.7 

- 

0 

0.2 

“ 

1.1 

' 

1 .2 

2.6 

The  following 

table  shows 

US 

the  variations 

which 

fore  and  after  filling  C length. 

were  encountered  on  the 

previous 

parameters  be- 

TABLE  11 


Cm  - 
Cg  - 
Cd  - 
Cug- 


CHANGES  IN  THE  CAPACITANCE  PARAMETERS  BEFORE  AND  AFTER  FILLING 


Before 

filling 

Filled 

Change 

Mutual  capacitance 

(NF/Mile)  

71.9 

86.0 

19.6% 

( " ) 

1.61 

1.5 

• 

Capacitance  to  ground 

(NF/Mile)  

84.3 

105.8 

25.5% 

( " ) 

4.54 

4.2 

- 

Direct  Capacitance 

(NF/Mile)  

29.8 

32.7 

10% 

( " ) 

2.70 

2.3 

• 

Capacitance  unbalance 

to  ground  (PF/Kft)  

48.8 

58.2 

19.3% 

0 

(PF/Kft)  

46.9 

56.7 

- 
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The  capacitance  unbalance  to  ground  in  Table  1 and 
II  was  averaged  on  38  pairs,  in  other  words  the  12 
pairs  which  were  inserted  with  intentional  mismatch 
were  not  computerized. 

It  can  be  appreciated  from  Table  I that  the  level 
of  unbalance  to  ground  was  ejccelent. 

The  standard  deviation  of  the  average  parameters 
in  filled  cable  as  we  had  foreseen  decreased  with 
respect  to  the  non-filled  cables  (see  Table  II). 
This  consequently  means  that  greater  evenness  of 
parameter  capacitance  is  achieved  during  the  fill- 
ing  process,  the  reason  is  that  the  dielectric 
medium  is  more  homogeneous  and  consequently  due  to 
this  the  gaps  are  equalized. 

A sample  of  all  the  pairs  in  all  the  cables  were 
taken  for  its  subsequent  dimensional  evaluation. 
The  parameters  were  also  correlated  with  the  capa- 
citance unbalance  to  ground.  The  result  of  these 
correlations  can  be  seen  in  Table  III. 

TABLE  III 

CORRELATION  BETWEEN  Cug  AND  A NUMBER  OF  PARAMETERS 


Correlation 

Parameter  unbalance Coefficient 


Conductor  diameter  0.40 
Diameter  over  insulation  0.45 
Coaxial  capacitance  calculated  0.51 
Coaxial  capacitance  measured  0.90 
Dielectric  constant  of  insulation  0.37 
Interstitial  air  gap  0.13 
Eccentricity  0.20 
Twisting  0.10 
Unbalance  resistance  0.37 


POD  and  d correlation 

The  coefficient  correlation  obtained  on  0.45  and 
0.40  are  actually  rather  weak,  this  therefore  indi- 
cates that  there  is  no  significant  correlation  with 
the  unbalance  to  ground.  Nevertheless  this  weak 
correlation  is  mainly  due  to  the  measurements  as 
carried  out  with  the  usual  processes  of  micrometer 
and  optic  microscope  on  DOD  and  d aivinq  us  little 
reliance.  This  is  clearly  demonstrated  when  one 
trys  to  correlate  the  unbalance  to  ground  with  the 
coaxial  capacitance  unbalance,  which  are  calculated 
from  the  measurement  of  DOD  and  d.  The  correlation 
is  much  lower  in  this  case  to  that  obtained  through 
the  measured  coaxial  capacitance. 

On  the  other  hand  we  did  obtain  an  extremely  high 
correlation  coeficient  (p=0.74)  when  only  the  pairs 
were  considered  with  a known  diameter  difference 
(od)  and  were  purposely  put  into  the  cable. 

The  high  coefficient  {o=0.74)  obtained  is  very  easy 
to  explain,  as  in  this  case  there  is  greater  differ- 
ence in  diameter,  this  way  improving  the  measure- 
ments. 

Correlation  in  the  coaxial  capacitance  unbalance 


does  denomstrate  that  the  best  control  of  unbalance 
to  ground  is  obtained  by  means  of  a coaxial  capa- 
citance monitor. 

The  coefficient  correlation  square  is  statistically 
demonstrated  C*)  to  be  equivalent  to  the  total 
variation  percentage  which  is  explained  through  the 
variations  of  the  independent  variables.  In  other 
words  81%  of  the  capacitance  unbalance  to  ground 
in  our  case  is  explained  by  the  coaxial  capacitance 
unbalance.  The  remaining  19%  is  due  to  random 
variations  or  some  other  variables  which  have  not 
been  taken  into  account. 

The  highest  coefficient  obtained  was  p'0.9  and  the 
lowest  p=0.83.  This  indicates  that  70%  of  the  un- 
balance in  this  case  was  due  to  the  variations  of 
coaxial  capacitance. 

Figure  7 shows  us  the  graph  on  the  correlation  of 
unbalance  to  ground  with  coaxial  capacitance  un- 
balance. 


The  lineal  regression  curve  obtained  by  the  least 
square  method  corresponds  to; 


Y (pF/Kft)=10.7  + 95.7.  X (pF/Ft)  (6) 

and  with  an  estimated  typical  error; 

Syx  =51.5  pF7Kft 


The  high  correlation  coefficient  obtained  p=0.90, 
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Dielectric  constant  of  insulation  correlation 

The  existing  correlation  between  the  unbalance  to 
ground  and  the  deviations  in  the  dielectric  con- 
stant of  the  insulation  was  quite  weak  (o=0.37). 

Nevertheless  it  was  established  that  the  dielectric 
constant  did  vary  in  approximately  1%  from  wire  to 
wire  depending  on  the  colors.  This  in  turn  pro- 
duced a change  of  approximately  0.6pF/ft.  in  the 
coaxial  capacitance.  Consequently  through  the 
lineal  regression  curve  (6)  this  1*  change  in  the 
dielectric  constant  will  contribute  in  approximate- 
ly 69pF/Kft.  to  the  unbalance  to  ground.  This 
therefore  does  indicate  deviations  in  the  dielec- 
tric constant  from  wire  to  wire,  contributing  to 
the  capacitance  unbalance  to  ground  at  a higher 
level  than  could  be  expected  by  the  coefficient 
correlation  found. 

Eccentricity  and  intersticial  air  gap  correlation 

Both  of  these  correlations  are  very  low,  indicating 
that  there  is  no  apparent  correlation  in  capacitance 
unbalance  to  ground. 

The  main  reason  for  not  obtaining  a practical 
correlation  is  that  there  is  very  little  accuracy 
in  both  parameters. 

Optical  instruments  are  used  in  the  eccentricity 
tests,  but  the  results  cannot  be  totally  reliable, 
as  they  are  carried  out  in  sections  of  insulated 
wire  from  short  length  samples.  The  intersticial 
air  gap  is  determined  by  the  difference  between 
the  intersticial  spacing  S (arrived  at  by  the  in- 
ductance test)  and  the  average  diameter  over  in- 
sulation of  the  pair  under  consideration.  Exper- 
ience has  proven  the  accuracy  of  these  tests  to  be 
very  poor. 

On  the  other  hand  the  eccentricity  and  air  gap 
between  conductor  and  insulation  do  show  to  have 
very  little  influence  upon  the  capacitance  unbalance 
to  ground  if  these  abnormalities  are  compensated 
by  a good  coaxial  capacitance  control,  in  other 
words  if  the  capacitance  of  the  wires  is  the  same. 

The  cross-section  of  two  wires  forming  a pair 
(orange-violet)  is  shown  in  Figure  8 by  a micro- 
photograph. 


Violet  I 

Ft  gill  c i 

t’a  nu>»u  fclwd 


This  pair  had  a capacitance  unbalance  to  ground 
of  30  pF/Kft,  notwithstanding  the  high  eccentricity 
in  the  orange  wire  and  the  air  gap  between  the  con- 
ductor and  the  violet  insulation.  These  wires  on 
the  other  hand  between  them  showed  a difference  in 
coaxial  capacitance  of  only  0.31  pF/ft. 


Twisting  Correlation 

The  correlation  of  twisted  pairs  with  the  capaci- 
tance unbalance  to  ground  was  unexpectedly  very 
weak  (o=0.10)  to  such  a point  that  even  negative 
correlations  were  found  to  be  had.  We  expected 
that  the  tendency  would  be  that  the  greater  the 
pair  twist  the  greater  the  unbalance  to  ground 
would  be,  but  this  was  not  experienced. 

As  wc  all  know  pair  lay  distortion  affects  the 
unbalance  to  ground  in  a pair  due  to  its  geometric 
configuration  being  unsymmetrical  or  one  wire 
longer  than  the  other  in  a pair.  The  resistance 
unbalance  in  the  pair  was  measured  to  obtain  the 
twist  distortion  level.  This  method  is  not  quite 
accurate  in  as  much  as  the  difference  in  the  dia- 
meter of  the  copper  conductor  will  influence  the 
results.  However  the  capacitance  unbalance  to 
ground  and  the  resistance  unbalance  remain  some- 
what weak  in  the  correlation  found. 

Without  doubt  we  cannot  generally  admit  as  valid 
this  negative  result  (e.g.  uncorrelated)  since 
different  pairing  machines  can  be  used  by  manufac- 
turers. 


Stranding  and  pairing  position  correlation 

There  can  be  found  no  significant  tendency  between 
the  unbalance  to  ground  and  the  stranding  and  pair 
position  variables.  On  the  other  hand  this  does 
not  mean  there  is  generally  no  influence,  since 
manufacturers  can  have  different  packing  factors 
in  so  much  as  stranding,  cabling  and  filling  opera- 
tions are  concerned. 


SUMMARY 

The  general  dimensional  tolerance  of  the  insulated 
wires  in  standard  air-core  PIC  cables  were  estab- 
lished at  +_  1 mils,  for  "DOD"  and  ^ 0.2  mils  for 
"d". 

The  same  manufacturing  procedure  and  tolerance  were 
used  on  filled  cables,  nevertheless  there  did  exist 
an  increase  in  the  dielectric  constant  of  the 
medium,  and  the  increase  expected  in  the  capacitance 
unbalance  to  qround  was  aroung  30'.. 

On  the  other  hand  high  density  polyethylene  was 
used  on  the  insulation  making  it  in  this  way  com- 
patible with  the  filling  compound.  High  density 
polyethylene  does  although  present  certain  diffi- 
culties in  processing^  and  to  maintain  the  same 
tolerance,  the  quality  of  the  wire  was  poorer 
compared  with  that  of  other  insulations. 
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This  could  possibly  have  been  the  reason  why  the 
unbalance  to  ground  increased  by  over  30  . 


We  have  observed  in  the  above  mentioned  analysis 
that  there  does  exist  a clear  influence  of  the 
dimensional  parameters  in  the  unbalance  to  ground, 
while  the  remaining  formation  parameters  do  not 
show  a significant  contribution  towards  the  un- 
balance. 

It  can  be  appreciated  that  the  individual  correla- 
tions of  the  various  parameters  is  not  as  good  as 
could  be  expected  due  to  the  difficulties  in 
accuracy  and  reliance  or  the  high  interaction  which 
exists  between  them.  However  the  coaxial  capaci- 
tance correlation  which  was  measured  did  indeed 
present  conclusive  results.  This  result  is  mainly 
due  to  the  coaxial  capacitance  which  inter-relates 
all  the  dimensional  parameters,  consequently  con- 
troling  all  its  variations  and  maintaining  at  the 
same  time  a greater  uniformity  of  the  insulated 
wire. 

It  can  practically  be  said  that  the  capacitance 
unbalance  to  ground  is  proportional  to  the  coaxial 
capacitance  unbalance  between  the  two  wires  in  a 
pair.  Therefore  if  one  maintains  at  a constant 
level  the  coaxial  capacitance  of  the  insulated 
wires  the  level  of  unbalance  should  be  very  low. 

Figure  9 compares  the  unbalance  cumulative  distri- 
bution between  the  experimental  filled  cables  - PIC, 
standard  air  core  cable  and  typical  filled  cables. 


An  approximate  60'  reduction  in  the  specified 
average  maximum  level  was  obtained  on  the  experi- 
mental filled  cables  which  were  manufactured. This 
reduction  clearly  shows  to  be  more  than  sufficient 
to  assure  the  continuity  of  these  average  values 
in  current  production,  if  a strict  coaxial  capaci- 
tance control  is  kept. 

On  the  other  hand  the  rest  of  the  parameters  which 
consequently  result  from  the  manufacture  (pairing, 
stranding,  cabling  and  filling)  have  less  impor- 
tance. Only  30  in  the  level  of  capacitance  un- 
balance to  ground  is  due  to  distorsion  pair  twist, 
stranding,  filling  operations,  etc 

We  ask  ourselves  if  in  the  long  run  these  parameters 
will  have  the  same  importance  in  the  case  of  filled 
cable  with  expanded  insulation. 

In  answer  to  our  question,  two  filled  cables  with 
30  expanded  insulation  were  manufactured  and  an 
unbalance  evaluation  was  performed. 

Unfortunately  in  this  case,  due  to  difficulties  on 
the  insulation  line  the  coaxial  capacitance  at 
^0.5  pF/ft.  could  not  be  controlled  as  in  the 
case  of  solid  insulation.  The  coaxial  capacitance 
could  only  be  kept  at  1 1-5  pF/ft.,  for  this  rea- 
son the  maximum  average  unbalance  expected  was 
150  pF/Kft. 

135  pF/Kft.  was  the  true  average  value  found  in 
this  case,  through  the  correlation  carried  out  on 
the  coaxial  capacitance  unbalance,  we  found  that 
75  in  the  level  of  unbalance  to  ground  was 
explained  by  the  coaxial  capacitance  deviations. 

However  a certain  increase  in  the  coaxial  capaci- 
tance unbalance  between  the  wires  in  a pair  which 
had  already  been  paired  could  be  appreciated 
compared  with  the  same  wires  before  pairing.  This 
increase  in  coaxial  capacitance  unbalance  is  proba- 
bly due  to  distortioned  wires  (crushing)  during 
its  pairing,  since  expanded  insulation  is  softer 
than  solid.  On  pairs  with  short  pair  twist  this 
increase  was  slightly  higher.  Consequently  stric- 
ter control  should  be  kept  on  expanded  insulated 
filled  cable  with  regards  to  tension  and  a reduc- 
tion of  same  should  be  kept  in  mind  during  the 
pairing  process. 


CONCLUSIONS 

It  can  be  observed  from  the  results  of  the  analysis 
carried  out  that  the  dimensional  parameters  were 
the  greatest  contributors  to  the  capacitance  un- 
balance to  ground. 

Definite  conclusions  cannot  possibly  be  obtained 
if  one  trys  to  individually  analyze  each  and  every 
one  of  the  parameters,  due  to  the  high  interaction 
which  exists  between  them.  The  clearest  conclusions 
can  be  obtained  from  the  Master  characteristics 
analysis,  in  which  various  of  these  parameters  are 
grouped  together. 

The  analysis  show  that  approximately  yo-aoi.  of  the 
unbalances  to  ground  are  due  to  the  variations  in 
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' coaxial  capacitance  between  wires.  The  remaining 

20-30-.  is  due  to  the  influence  of  the  formation 
parameters  (not  dimensional)  which  exists  in  the 
; rest  of  the  manufacture. 

I A good  control  in  the  quality  of  the  wire  during 

* the  extrusion  process  is  therefore  essential  to 

meet  the  requirements  of  capacitance  unbalance  to 

, ground. 
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Abstract 

The  major  cable  manufacturing  operations  have 
been  studied  experimentally  to  determine  the 
cause  of  capacitance  unbalance  to  ground.  Two 
previously  undetected  twister-related  variables 
are  shown  to  influence  the  unbalance  of  a pair. 
The  relative  importance  of  the  manufacturing 
variables  are  determined  from  the  experimental 
data. 


Historical  Perspective 

The  importance  of  maintaining  pair  balance 
in  multipair  transmission  lines  has  long  been 
recognized.  This  need  for  pair  balance  has 
been  critical  not  only  in  maintaining  isolation 
from  external  noise‘  but  also  in  influencing 
the  insertion  loss  and  crosstalk  loss  of  pairs 
at  newer  carrier  frequencies  due  to  interactive 
effects  within  the  cable. ^ 

The  maintenance  of  the  required  pair  balance, 
has  been  made  more  difficult  with  the  intro- 
duction of  filled  cable.  By  adding  filling  com- 
pound the  capacitance  to  ground  and  consequently 
the  unbalance  to  ground  has  been  increased  be- 
cause of  the  higher  dielectric  constant  of  the 
compound  compared  to  air.’  A new  process  step 
also  introduces  additional  variability  into  the 
final  product. 

To  maintain  the  necessary  pair  balance,  very 
tight  specifications  have  been  imposed  on  filled 
cable.  Meeting  these  specifications  has  required 
that  close  control  of  every  manufacturing  process 
be  maintained.  The  goal  of  this  project  was  to 
identify  the  most  significant  causes  of  capaci- 
tance unbalance  to  ground  and  then  to  determine 
acceptable  control  limits  for  each  manufacturing 
process. 

Manufacturing  Techniques 

The  manufacture  of  filled  telecommunications 
cable  consists  of  four  distinct  operations: 

(1)  tandem  wire  drawing  and  plastic  insulating; 

(2)  twisting  of  single  insulated  wires  to  form 
pairs;  (3)  stranding  of  pairs  into  cable  cores; 
and  (4)  application  of  filling  and  sheathing 
materials.  Each  of  these  operations  introduces 


a unique  set  of  variables  which  can  affect  the 
capacitance  unbalance  of  pairs  in  the  cable.  To 
determine  quantitatively  the  contribution  of  each 
important  variable  to  the  unbalance  of  a pair 
required  that  a series  of  carefully  designed  and 
controlled  experimental  cables  be  manufactured 
Previous  experiments  have  demonstrated  the  diffi- 
culty in  obtaining  good  correlation  between  the 
manufacturing  variables  and  the  capacitance 
unbalance  of  a pair,  primarily  because  of  tne 
interdependence  of  many  of  the  variables.  To 
overcome  this  problem,  the  experimental  cables 
were  manufactured  with  variation  in  only  one  or 
two  independent  parameters  per  cable. 

All  cables  wer,.  completely  manufactured  in 
the  Western  Electric  Co.  Product  Engineering 
Control  Center  Development  Capabf? f ties  Labora- 
tory. These  cables  were  approximately  2000  feet 
in  length  and  contained  25  pairs  of  dual  expanded 
plastic  insulated  conductors  (DFPIC).  This  insu- 
lation, which  consists  of  a thin  layer  of  solid 
high  density  polyethylene  (HOPE)  extruded  concen- 
trically over  a layer  of  expanded  or  foamed 
HOPE  (Figure  1),  was  chosen  for  study  because  of 
the  conversion  of  all  filled  cable  manufactured 
by  Western  Electric  to  this  design.*  A standard 
ALPETH  (polyethylene  over  aluminum)  sheath  was 
used  on  all  cables. 

FIGURE  I 

DBF  1C  INSULATION 
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The  DEPIC  conductors  were  manufactured  on  a 
tandem  wire  draw-insulate  line  at  5000  feet  per 
minute.  The  control  of  the  variation  in  the  insu 
lated  wire  was  achieved  by  using  consecutively 
insulated  lengths  of  orange  and  yellow  wire  to 
form  "pseudo-mated"  pairs.  Two  colors  were  used 
to  preserve  individual  wire  identity.  Typically 
three  reels  containing  22,000  feet  of  wire  were 
made  of  each  color  insulated  for  a particular 
cable.  Since  the  time  required  to  insulate  the 
wire  was  approximately  30  minutes,  large  varia- 
tions in  insulation  properties  were  eliminated. 
The  coaxial  capacitance  and  diameter  over  di- 
electric (DOD)  were  monitored  and  recorded  on 
line.  A typical  trace  (Figure  2)  shows  a varia- 
tion in  coaxial  capacitance  of  + 0.2  pf/ft  and 
in  DOD  of  t 0.1  mils.  Recordings  of  coaxial 
capacitance  and  DOD  were  made  for  all  wire  manu- 
factured. Any  wire  exhibiting  more  than  + 0.3 
pf/ft  capacitance  variation  or  t 0.2  mils  DOD 
variation  was  rejected. 


FIGURE  2 

TYPICAL  COAXIAL  CAPACITANCE 
AND  DOD  TIME  TRACES 
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All  pairs  were  twisted  on  the  same  twister. 

It  is  of  Western  Electric  design  incorporating 
a single  bow  with  a fixed  carriage,  internal 
supply.  The  tension  on  the  singles  is  maintained 
mechanically  by  means  of  the  wire  paying  off  over 
a sheave  on  the  end  of  an  arm  before  entering  the 
bow.  Since  each  single  reel  has  its  own  tension 
arm,  the  backtensions  on  the  singles  are  indepen- 
dent of  each  other.  The  appropriate  tension  is 
set  by  a maintenance  operator  when  the  twister 
is  not  running.  The  wire  is  pulled  through  the 
twister  by  a mul ti -grooved  capstan.  Up  to  nine 
2000  foot  lengths  of  twisted  pairs  were  obtained 
from  a pair  of  reels.  Since  the  insulated  wire 
comes  from  the  same  pair  of  reels,  variations 
between  pairs  are  greatly  reduced. 

All  stranding  was  also  done  on  one  machine. 

The  same  powered  supply  and  face  plate  positions 
were  always  used  for  a given  numbered  pair. 

Cables  were  normally  made  in  groups  of  three  to 
six  with  all  cables  being  stranded  consecutively 
onto  the  same  core  truck. 

Each  group  of  cables  was  filled  and  sheathed 
in  one  continuous  run  at  100  fpm.  The  filling 
compound,  a single  component  petroleum  jelly 
(SCPJ)  was  injected  under  pressure  at  a tempera- 
ture of  around  190°  (880C).  Individual  cables 
were  re-reeled  onto  smaller  reels  for  testing. 

The  capacitance  unbalance  of  each  pair  was  mea- 
sured using  a capacitance  test  set. 


Manufacturing  Process  Studies 
Insulating 

Historically  most  of  the  effort  to  meet  capa- 
citance requirements  has  been  directed  toward 
obtaining  better  control  of  the  insulating  pro- 
cess. This  improved  capacitance  control  has  been 
achieved  primarily  through  the  use  of  on-line 
capacitance  monitors  to  measure  and  control  the 
coaxial  capacitance.’’*  For  solid  insulations, 
either  line  speed  or  extruder  screw  speed  can  be 
varied  to  maintain  a constant  coaxial  capacitance; 
the  DOD  will  vary  accordingly.  With  expanded 
insulations,  variations  in  screw  speed,  line 
speed,  barrel  zone  temperatures,  wire  temperature 
and  water  trough  position  affect  the  insulation 
weight  per  unit  length  or  the  degree  of  expansion 
or  both.  These  variables  must  be  controlled  to 
meet  simultaneously  specifications  on  two  depen- 
dent variables  - coaxial  capacitance  and  DOD.’ 

Taken  together,  the  coaxial  capacitance  (Cq) 
and  DOD  specifications  define  an  operating  window 
or  square  into  which  all  insulated  wire  must  fall 
(Figure  3).  From  a manufacturing  viewpoint,  it 
is  desirable  to  know  what  magnitude  of  capaci- 
tance unbalance  can  be  expected  in  those  pairs 
formed  from  wires  manufactured  at  the  extremes  of 
the  specifications  (i.e.,  corners  of  the  square). 
This  information  is  especially  important  since  a 
maximum  individual  pair  capacitance  unbalance 
limit  has  been  imposed  on  filled  cable. 
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FIGURC3 

OPERATING  WINDOW 
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Wire  was  purposely  insulated  at  various  posi- 
tions in  the  Cc-DOD  square  and  was  mated  selec- 
tively to  create  pairs  having  known  Cq  and  DOD 
differences.  A series  of  three  experimental 
cables  was  made  for  each  of  three  wire  gauges  - 
22,  24  and  26.  One  cable  in  each  set  had  all 
wire  insulated  to  nominal  conditions  and  served 
as  the  control.  For  the  second  cable,  pairs  were 
■Tade  by  mating  a wire  from  a corner  of  the  square 
with  a nominal  or  center  of  the  square  wire.  The 
third  cable  Included  pairs  created  from  wires  at 
the  corners  of  the  square  twisted  together  to 
represent  the  diagonals  and  sides  of  the  square. 
Five  nominal  pairs  were  included  as  a secondary 
control  in  each  of  these  cables. 

The  measured  capacitance  unbalances  for  the 
various  combinations  are  shown  in  Figures  4,  5 
and  6 for  22,  24  and  26  gauges,  respectively. 

The  values  shown  in  the  figures  represent  the 
average  of  five  pairs  in  each  cable.  The  averaoe 
unbalances  for  the  control  cables  and  control 
pairs  are  shown  in  Table  1.  These  cables  demon- 
strate that  the  capacitance  unbalance  of  a pair 
is  very  sensitive  to  the  differences  in  Cr  and 
DOD  between  the  wires  of  the  pair.  Some  Cc  and 
DOD  differences  produce  little  unbalance;  others 
produce  very  large  unbalances.  This  effect  can 
be  explained  best  by  examining  Figure  7 which 
shows  lines  of  constant  percent  foam  expansion 
superimposed  over  the  24  gauge  data.  The  greater 
the  difference  in  the  degree  of  expansion  between 
the  wires  of  the  pair,  the  greater  the  capaci- 
tance unbalance.  Since  the  lines  of  constant 
expansion  are  inclined,  preferential  directions 
are  created.  The  increase  in  unbalance  for  the 
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same  Cc  and  DOD  differences  with  finer  gauges  can 
also  be  explained  by  their  greater  variations  in 
expansion.  These  cables  establish  that  the  ex- 
pansion should  be  controlled  within  tight  limits 
if  capacitance  unbalance  is  to  be  maintained  at 
low  levels. 

Another  insulating  variable  that  was  studied 
was  the  conductor  diameter.  A 22  gauge  cable  was 
made  with  the  coaxial  capacitance  and  DOD  held  at 
their  nominal  values.  Three  conductor  diameters 
were  used  to  achieve  differences  of  0,  0.1,  0.2 
and  0.3  mils  in  this  cable.  Results  from  this 
cable  indicate  that  approximately  30  pf/kft  capa- 
citance unbalance  can  be  attributed  to  each  0.1 
mil  difference  in  conductor  diameter.  Since  an 
electrical  resistance  specification  is  also  im- 
posed on  filled  cable,  the  conductor  diameter 


FIGURE  7 

IINES  Of  CONSTANT  EXPANSION 
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must  be  controlled  within  a narrow  range  making 
large  capacitance  unbalances  from  this  effect 
unlikely. 


Twisting 


The  twisting  process  has  long  been  considered 
a contributor  to  capacitance  unbalance,  but  very 
little  has  been  proven  because  of  the  interaction 
of  insulation  parameters.  In  these  experiments 
two  twister-related  effects  were  identified. 

At  the  outset  of  the  experiments,  a reference 
cable  was  made  from  six  reels  of  wire  insulated 
consecutively.  These  pairs  were  then  twisted 
from  consecutive  reels  providing  8 to  9 twisted 
pairs  per  reel  - a very  mated  pair  design.  When 
tested,  this  cable  revealed  a relationship  of 
capacitance  unbalance  to  ground  with  twist  length 
as  shown  in  Figure  8.  When  a linear  best  fit  is 


TABLE  1 

Capacitance  Unbalance 
of  Control  Pairs  and  Cabl es 


Capacitance  Unbalance 
(pf/1000  ft) 


Wire 

Gauge 

Control 

Cable 
(25  pairs) 

Control  Pairs 
Center-Corner  Cable 
(5  pairs) 

Control  Pairs 
Diagonals  Cable 
(5  pairs) 

22 

32 

36 

47 

24 

36 

80 

78 

26 

29 

60 

53 
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made,  the  line  shown  on  the  figure  results  and 
the  data  are  linearly  correlated  with  a co- 
efficient of  -0.70.  Although  subsequent  cables 
made  on  different  twisters  (of  the  same  basic 
design)  also  demonstrated  a similar  relationship 
to  that  of  Figure  8,  the  correlation  was  poorer 
with  coefficients  ranging  between  -0.50  and  -0.61. 
When  analysis  of  variance  techniques  were  applied 
to  the  data  for  each  of  the  four  cables  of  this 
group,  however,  the  effect  of  twist  length  was 
determined  as  significant  at  the  0.01  level  for 
each  cable.  It  might  be  noted  that  in  addition 
to  the  linear  behavior  is  what  appears  to  be  a 
sinusoidal  variation  with  twist  length. 
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The  cable  was  tested  by  the  Bell  Laboratories 
group  in  Atlanta  for  the  amount  of  "twist  eccen- 
tricity" in  the  various  pairs.  By  "twist  eccen- 
tricity" is  meant  the  distance  the  axis  of  the 
pair  helix  is  from  the  center  of  the  "shield" 
that  surrounds  the  pair.  An  exaggerated  case  of 
eccentricity  is  when  one  of  the  singles  of  a pair 
is  straight  while  the  other  is  wrapped  around  it 
in  a "barber  pole"  fashion.  The  analysis  of  the 
Bell  Laboratory  data  did  indicate  some  increased 
eccentricity  in  the  shorter  twists  and  a model 
based  on  a helical  pair  with  twist  eccentricity 
within  a cylindrical  shield  predicts  an  in- 
creased capacitance  unbalance  to  ground  for 
eccentric  pairs. 


high-low,  low-high,  low-low,  normal-normal  and 
high-high.  The  5-pair  groups  spanned  uniformly 
the  twist  length  range  from  2 inches  to  5.2 
inches.  The  results  are  shown  in  Figure  9 where 
the  tension  unbalance  of  zero  applies  to  15  pairs 
and  the  positive  unbalance  Indicates  that  the 
orange  single  has  the  high  tension.  The  linear 
best  fit  produced  a correlation  coefficient  of 
0.89  and  a slope  that  predicts  58  pf/kft  for 
every  pound  of  tension  unbalance. 
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The  effect  of  twist  length  and  backtension 
unbalance  does  not  appear  to  be  a large  contri- 
butor to  capacitance  unbalance  to  ground  when 
considered  in  the  light  of  the  strong  contribu- 
tion of  such  parameters  as  coaxial  capacitance, 
DOD,  and  percent  expansion.  The  twist  length 
effect  produces  only  large  unbalances  for  twists 
around  2 inches  and  the  oscillating  appearance 
of  the  data  can  show  some  quite  low  unbalances 
for  short  twists.  Capacitance  unbalance  to 
ground  shows  a stronger  correlation  to  back- 
tension  unbalance  on  the  other  hand,  but  the 
slope  of  the  line  relating  the  two  is  not  great 
nor  is  the  twister  likely  to  be  out  of  adjust- 
ment by  more  than  a pound. 

Stranding  and  Sheathing 


The  idea  that  twist  eccentricity  contributes 
to  capacitance  unbalance  to  ground  leads  natu- 
rally to  the  consideration  of  backtension  un- 
balance. This  experiment  consisted  of  making  a 
cable  in  which  the  tension  applied  to  the  single 
insulated  wire  reels  varied  from  its  normal  set- 
ting of  1.5  pounds.  The  high  tension  setting  was 
2.75  pounds,  while  the  low  tension  was  0.75  pounds; 
both  settings  represent  about  the  limits  that  can 
reasonably  be  reached  without  wire  breakage.  The 
25  pairs  of  the  cable  were  subdivided  into  5-pair 
groups  which  in  turn  were  given  backtensions  of 


Although  the  effect  of  stranding  lay  direc- 
tion was  not  expected  to  be  great,  there  were 
two  cases  in  which  the  first  length  of  core  was 
stranded  in  a left  hand  direction  with  a 36" 
helix  while  the  second  length  of  the  same  setup 
was  stranded  with  a right  hand  helix  of  36".  In 
neither  of  these  two  cases  (2  cables  for  each) 
was  any  significant  difference  noted  in  capaci- 
tance unbalance  to  ground.  There  were  no  experi 
ments  conducted  on  different  types  of  strander. 
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For  the  process  of  filling  and  sheathing,  how- 
ever, there  was  the  expectation  that  some  contri- 
bution to  capacitance  unbalance  to  ground  might 
be  found.  The  experiment  conducted  in  this  case 
was  to  vary  the  temperature  of  the  filling  com- 
pound on  consecutive  cores  run  through  the 
sheathing  process.  The  first  cable  was  filled 
with  SCPJ  at  a temoerature  of  around  170OF  (770C), 
wnile  the  second  cable  was  filled  with  230OF 
(IIOOC)SCPJ.  The  cable  with  the  cooler  fill 
actually  had  the  higher  average  unbalance  (54 
pf/kft)  than  the  hot  fill  cable  (46  pf/kft),  but 
with  standard  deviations  of  38  pf/kft,  this 
difference  in  means  is  not  significant.  The  un- 
balance improvement  for  the  hot  fill  resulted 
even  though  the  average  capacitance  to  ground  for 
this  cable  was  2.5  nf/kft  higher  than  the  cool 
fill  cable. 

These  results  do  not  mean  that  problems  in  the 
stranding  and  filling  processes  do  not  cause  a 
capacitance  unbalance  to  ground  increase,  but 
that  the  processes  when  correctly  run  do  not  con- 
tribute to  capacitance  unbalance  to  ground. 


Conclusions 

These  experiments  have  demonstrated  that  the 
capacitance  unbalance  to  ground  of  a pair  is 
determined  primarily  by  differences  in  the  insu- 
lation characteristics  between  the  wires  of  the 
pair.  Control  of  capacitance  unbalance  in  DEPIC 
cables  must  be  accomplished  through  close  con- 
trol of  the  coaxial  capacitance,  DOD  and  percent 
expansion  at  insulating.  Such  control  reduces 
the  magnitude  of  the  capacitance  unbalance  which 
can  be  produced  by  an  unfortunate  combination  of 
insulated  wires  having  coaxial  capacitance,  DOD 
and  percent  expansion  differences. 

Although  insulation  characteristics  are  domi- 
nant, twisting  does  contribute  to  the  unbalance  of 
a pair  through  the  twist  lengths  and  backtension 
differences.  An  increase  in  twist  lengths  is  not 
possible  because  of  the  deleteriou.  effect  on 
crosstalk.  Twister  brake  tensions  should  be  main- 
tained as  equal  as  possible  through  a periodic 
maintenance  program. 

Stranding  and  sheathing  were  found  to  have 
little  effect  on  capacitance  unbalance.  Efforts 
in  these  areas  should  be  directed  toward  main- 
taining normal  operating  conditions. 
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ABSTR-ACT 

Tins  paper  presents  a new  approach  to  the 
prevention  of  water  ingress  in  plastic 
insulated  cables,  it  addresses  a concept 
which  has  resulted  in  the  development  of 
a new  cable  design  capable  of  blocking  the 
flow  of  water  along  the  core,  while  main- 
taining transmission  properties.  The  fil- 
ling medium  employed  to  achieve  the  objec- 
tives is  an  inert  powder.  It  ensures  water 
blocking  capability  and  removes  the  pro- 
blems associated  with  handling  conventio- 
nal grease  filled  cable.  Because  of  its 
inert  nature,  ’t  eliminates  the  question 
of  the  impact  of  filling  compounds  on 
insulation  and  other  outside  plant  hardware. 

The  paper  reviews  the  development  test 
program  concentrating  on  those  aspects 
considered  vital  to  establishing  the 
acceptability  of  the  new  concept.  A des- 
cription of  experiences  with  the  cable  in 
field  trials  and  as  a standard  telephone 
network  element  is  included. 


INTRODUCTION 

hater  poses  a serious  problem  when  it 
gains  entry  to  a cable  core.  It  degrades 
transmission,  and  in  some  cases  results  in 
complete  failure  of  the  pairs. 

Pulp  and  paper  insulated  cables  short  out 
as  water  enters,  however  the  phenomenon  of 
swelling,  unique  to  these  insulations, 
prevents  further  penetration  along  the 
core.  In  air-core  PIC  Cable,  the  water  is 
free  to  travel  and  can  result  in  a large 
capacitance  increase  if  it  entirely  fills 
the  interstices  in  the  core. 

Crease  filled  cable  was  introduced  to  pre- 
vent water  ingress  and,  together  with  sea- 
led sheath,  has,  in  general,  met  that 
objective.  There  are  inherent  problems 
associated  with  grease  filled  cable.  To 
maintain  the  same  mutual  capacitance  as 
air-core  cable,  larger  diameters  are 
necessary.  Handling  of  the  filled  cable 
becomes  more  involved,  resulting  in  redu- 
ced splicing  efficiency.  Increased  stiff- 
ness in  cold  weather  creates  problems  in 
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placing,  and  at  elevated  temperatures  the 
flow  characteristics  of  the  grease  are  such 
that  the  use  of  filled  cable  in  aerial 
installations  can  lead  to  maintenance 
difficulties. 

As  reported  in  earlier  papers  (Ref.l), 
some  of  these  problems  have  been  overcome 
by  intelligent  design  and  handling  tech- 
niques. The  problems  associated  with 
splicing  remain  as  a major  concern,  and, 
since  1001,  fill  cannot  be  achieved  in 
grease  filled  cable  in  all  instances,  com- 
plete protection  against  water  ingress  has 
not  been  attained. 

This  paper  is  addressed  at  a solution  to 
these  and  other  problems.  The  cable  des- 
cribed has  been  termed  a new  generation  of 
filled  cable,  because  the  means  by  which 
the  prime  objectives  arc  accomplished, 
differs  greatly  from  the  conventional 
grease  filled  approach.  It  uses  a dry  fil- 
ling material  which,  on  contact  with  water 
forms  an  impervious  block  and  prevents 
further  ingress  of  the  water  into  the  core. 

This  approach  guarantees  protection 
against  water  travel  in  cables,  and  as 
reported  in  this  paper,  the  results  of 
prolonged  and  extensive  trials  have 
demonstrated  that  powder  filled  cable  not 
only  meets  hut  exceeds  the  objectives  for 
conventional  filled  cable. 


FILLING  MFD  HIM 

In  197.1  the  concept  of  dry  core  filling 
was  examined  as  a viable  alternative  to 
grease.  Selection  of  a suitable  material 
was  made  after  extensive  laboratory  tests 
were  performed  on  mixtures  of  materials. 
Handmade  models  were  used  to  determine 
suitability  of  the  medium  as  a practical 
water  blocking  agent,  and  a final  choice 
was  made  for  shop  manufacturing  trials. 

The  material  chosen  is  a two  comnonent 
system  consisting  of  a surface  treated 
calcium  carbonate  and  a high  molecular 
weight  polymeric  resin.  (Ref.Zj. 
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Both  components  are  chemically  inert, 
safe  to  handle  under  all  conditions, 
non-flammable,  and  have  no  noxious 
properties.  These  qualities  ensure 
operator  and  craftsman  protection,  and 
were  the  first  prerequisites  in  the  choice 
of  materials. 

When  water  penetrates  the  cable  core  in 
sufficient  quantity  to  break  down  the  sur- 
face tension  of  the  coated  calcium  carbo- 
nate, the  resin  dissolves  rapidly  in  the 
water  forming  a viscous  solution.  The  so- 
lution travels  only  a short  distance  along 
the  cable  core,  dependent  upon  the  degree 
of  fill  and  the  water  pressure.  The  block- 
ing action  occurs  within  a short  distance, 
ensuring  maintenance  of  transmission  capa- 
bility and  preventing  further  water  travel 
along  the  core. 

The  degree  of  fill  required  to  achieve 
water  blocking  is  less  than  lOOi,  which  is 
necessary  with  grease  filled  cable.  Hence 
the  new  design  is  a marked  deviation  from 
the  accepted  view  of  filled  cable.  This 
emphasiies  the  change  in  concept  from 
that  of  keeping  water  out  of  the  core, 
as  in  the  case  of  grease,  to  that  of 
self  scaling  protect  ion , as  in  the  case 
of  powder. 

The  actual  degree  of  fill  is  governed  by 
the  balance  required  between  short  water 
blocking  distance,  and  the  desired  trans- 
mission characteristics.  In  the  prototype 
production  a level  of  60^,  (based  on  the 
bulk  density  of  the  powderl  , was  used  and, 
as  shown  in  later  sections,  provides  the 
desired  features. 


TOWDF.R  1-11  I.TH  TRODUCT 

The  powder  is  applied  to  the  pairs  of  tlie 
cable  core,  and  over  the  core  wrap  to 
ensure  that  no  leakage  path  exists  between 
the  core  wrap  and  the  sheath.  The  sheath 
consists  of  a coated  aluminum  tape  which 
is  formed  into  a tube,  overlapped  and  sca- 
led during  the  jacketing  process.  (I'ig  1) 

The  application  of  the  powder  in  a unifor- 
mly distributed  manner  within  the  core,  is 
a major  requirement  to  ensure  consistent 
electrical  quality.  P.arly  vintage  product 
had  a variation  in  powder  distribution  and 
hence  a wide  coefficient  of  capacitance 
deviation.  Advances  have  been  made  in  the 
manufacturing  techniques  which  ensure  an 
even  application  of  powder.  This  is  re- 
flected in  a low  coefficient  of  deviation 
( ^2.01.  j obtained  on  present  day  produc- 
tion. The  uniform  fill  has  also  meant  an 
improved  water  blocking  capability,  and 
current  production  consistently  meets  the 
3'-fourtcen  day  water  penetration  test 
requi rement . 


The  new  cable  is  lighter,  much  easier  to 
handle,  and  has  electrical  performance 
approaching  that  of  air-core  cable.  It 
meets  the  water  penetration  test  every 
t ime . 


CORE  WRAP- 

COATED — 
ALUMINUM 
SHIELD 
BONDED 
TO  JACKET 


■ POWDER  IN  CORE 


-POWDER  OVER 
CORE  WRAP 


— MEDIUM  DENSITY 
PE  JACKET 


POWDER  FILLED  CABLE 


Table  1 provides  a comparison  of  typical 
physical  and  electrical  parameters  of  a 
powder  filled  cable  with  the  equivalent 
grease  filled  cable. 


-1 

GREASE 

POWDER 

MUTUAL  CAPACITANCE 

83NF'MILE 

83NF  MILE 

CAP  DEVIATION 

1.5% 

2 0% 

CAP.  UNBAL  TO  GROUND 

175  PF  1000' 

90  PF  1000 

ATTENUATION  @ 772  KIIZ 

21  5 dB/MILE 

21.5  dB/MILE 

WEIGHT 

243  LB.  1000 

220  LB.  1000 

DIAMETER 

0 64" 

0 65" 

STIFFNESS®  O^C 

iB  CONSTANTA  OtFLiCTiUN 

7.5 

5 1 

COMPARISON  OF  TYPICAL  PHYSICAL  AND  ELECTRICAL 
PARAMETERS  FOR  25  PAIR  22  ANG  CABLE 
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PRODUCT  EVALUATION 


Prior  to  entering  into  field  trials,  the 
new  cable  was  subjected  to  a series  of 
laboratory  tests  to  ensure  it  met  the 
design  objectives.  The  program  included; 
water  blocking  capabi 1 i ty , t ransmiss ion 
c ha racderistics, mechanical  stability, 
compat ibi 1 i ty ,and  long  term  stability,  as 
well  as  standard  cable  characteritat ion 
and  acceptance  testing. 


This  section  of  the  paper  will  address 
the  major  elements  of  the  test  program 
which  were  vital  to  the  development. 

WATER  BLOCKING 

The  new  concept  in  prevention  of  water 
transmission,  using  a dry  core  medium, 
means  a different  approach  to  assessing 
the  product  performance.  With  grease  fil- 
led cable,  the  intent  is  to  keep  water 
out.  Dry  core  filling  uses  the  fact  that 
water  enters  the  core  to  change  state  and 
prevent  the  water  from  progressing  fur- 
ther into  the  core.  The  distance  which 
the  water  penetrates,  before  blocking 
action  occurs,  is  therefore  the  main  cri- 
terion in  assessing  water  blocking  per- 
formance. This  characteristic  was  exami- 
ned using  the  standard  "T"  type  penetra- 
tion apparatus.  (FIG  2) 


The  water  blocking  tests  were  carried  out 
on  cable  samples  with  windows  cut  into 
the  sheath  and  core  wrap.  The  samples 
wore  inserted  into  the  apparatus  with  the 
window  under  the  vertical  pipe.  Typical 
openings  ranged  from  2"xl"  to  a .^/Ib" 
nail  hole.  Other  forms  of  damage  were 
simulated  bv  uneven  openings  subjected  to 
differing  heads  of  water.  Multiple  sheath 
rupture  was  also  examined  with  varying 
hole  separations  to  simulate  the  effect 
of  lightning  damage. 


The  penetration  of  water  into  the  cable 
sample  was  monitored  using  a time  domain 
ref lectometcr  connected  to  one  of  the 
pairs,  and  the  distance  was  later  veri- 
fied by  dissection.  A typical  penetration 
distance  of  three  feet  was  obtained  with  ' 
the  nominal  three  feet  head  of  water.  The 
distance  was  found  to  vary  non  linearly 
with  head  of  water  applied  and  the  degree 
of  fill.  Using  a constant  level  of  bOi 
fill,  the  penetration  distance  approached 
a limit  of  15'  under  conditions  of  extre- 
me pressure,  (i.e.  20  psi  air  pressure 
super  imposed  on  a b'  head  of  water).  The 
results  of  tests  on  more  than  500  samples 
are  summarited  in  Table  2. 


TABLE  2 


HEAD  OF  WATER 

PENETRATION 

AVERAGE 

MAXIMUM 

DROPLETS 

0 

0 

1" 

3" 

8" 

3' 

2 5' 

5' 

6' 

4' 

9' 

50' 

: 

15' 

SUMMARY  OF  WATER  PENETRATION  RESULTS 


TRANSMISSION  CHARACTER  1 ST  I C.S 

The  transmission  characteristics  of  the 
cable  were  designed  to  be  identical  to 
those  of  conventional  filled  cable.  Under 
conditions  of  single  sheath  rupture  with 
subsequent  water  entry  and  blocking  the 
local  mutual  capacitance  (in  the  blocked 
section)  increases  Sbl  with  a correspon- 
ding increase  in  attenuation  of  401  at 
-72KHZ. 

franslatcd  into  a bOOO'  repeater  section, 
a single  sheath  rupture  results  in  less 
than  0.11  increase  in  mutual  capacitance. 
Using  a 51  level  of  capacitance  increase 
in  a repeater  section  as  the  guiding  cri- 
terion, this  would  mean  approximately  50 
ruptures,  each  subjected  to  .5  feet  head 
of  water,  would  have  to  occur  before  the 
capacitance  approached  the  critical  lovcL 

Since  a major  problem  experienced  with 
undetected  water  in  cable  is  associated 
with  digital  carrier  performance,  a num- 
ber of  tests  were  earri'’J  out  to  define 
the  ability  of  the  new  cable  to  meet 
carrier  requirements. 


I 

i 

t 

J 
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Irosstiilk  measurements  were  performed 
on  cable  in  the  dry  state  and  deviations 
from  this  base  wore  examined  on  cables 
with  single  and  multiple  damage  condi- 
tions. Table  .T  summarizes  the  results 
on  a selection  of  damaged  cables. 


TABLE  3 


TEST  CONDITION 

CROSSTALK  dB 

1 

NEAR  END 

FAR  END 

MEAN 

0 

MEAN 

0 

DRY 

72.6 

113 

74  2 

8 7 

17  5'  WET 

72,9 

11.5 

74  0 

8.7 

DRY 

72.6 

113 

74.2 

8.7 

80'  WET 

73.1 

111 

73  2 

8 2 

DRY 

70.2 

99 

WET  EVERY  300' 

70.8 

9 2 

WET  EVERY  50' 

70.7 

9.0 

WET  EVERY  25' 

70  9 

9.1 

DRY 

73  3 

10  4 

SO'  WET  END 

742 

10  5 

CROSSTALK  RESULTS  ON  CABLES  SUBJECTED 
TO  VARIOUS  DAMAGE  CONDITIONS 


lour  sets  of  wet  conditions  were  examined 
in  this  test.  The  first  two  consisted  of 
wet  sections  of  1 7 . .S ' , and  80’  being 
spliced  into  the  middle  of  a ,‘)200' 
cable.  The  entire  length  was  then  measu- 
red for  near  and  far  end  crosstalk.  The 
third  situation  simulated  lightning 
damage  by  inserting  a oOO'  long  section 
of  cable  which  was  damaged  at  various 
points  along  its  length.  The  fourth  case 
used  an  80'  section  of  water  logged  cable 
spliced  to  one  end  to  determine  the 
effects  of  a wet  section  close  to  a re- 
peater. 

Near  and  far  end  crosstalk  were  measured 
at  ISOKMz,  77:k1Iz,  and  a.lMllz.  The  results 
in  table  .1  show  that  under  the  various 
damage  conditions  simulated,  no  signifi- 
cant change  in  crosstalk  level  or  spread 
was  detected. 

Additional  crosstalk  measurements  were 
performed  using  a prototype  digital 
crosstalk  measurement  apparatus.  The 
digital  test  set  consists  of  a T1  carrier 
simulator  which  transmits  pseudo-random 
signals  down  a number  of  the  pairs  in  the 
cable  under  test.  I'he  resulting  crosstalk 
in  one  of  the  unused  pairs  is  then  picked 
up  and  added  to  a pure  carrier  signal  and 
fed  to  an  error  detector.  The  gain  or 
loss  added  to  the  crosstalk  signal  needed 
to  just  exceed  the  system  error  rate,  is 
monitored.  Table  I lists  the  results  which 
confirm  the  earlier  analogue  crosstalk 
findings  that  no  significant  difference 
exists  between  "dry"  and  "wet"  performan- 


TABLE  4 


EXCITOR  PAIR 

DETECTOR  PAIRS 

. =’8 

_ *25  1 

DRY 

WET 

DRY 

WET 

1 

8 4 

8 9 

19.7 

19  5 

3 

-5.6 

-5  4 

16  0 

16  1 ! 

5 

-3.9 

-3  9 

0.7 

1.4 

7 

5.5 

6 1 

0 

0 

9 

-1.6 

-4  1 

24  0 

23  8 

11 

11.7 

11,5 

26.5 

26.5 

13 

10  9 

11.9 

8 7 

9.1 

15 

11.2 

12.5 

-1.4 

-14 

17 

-2  2 

-1.8 

18  0 

18  0 

19 

-0  2 

-0  7 

13.1 

13  0 

21 

11,7 

12  1 

20  0 

20  4 

GAIN/LOSS  FIGURES  - DIGITAL  CROSSTALK 


LJ  f.lflN  I NT,  DAMAf.h 

One  area  of  concern  with  the  introduction 
of  the  powder  filled  cable,  was  that  pin- 
holes, due  to  lightning  damage,  might 
result  in  a series  of  blocked  sections, 
which  in  aggregate  form  could  impair  the 
transmission  quality.  An  examination  of 
the  factors  dete^'mining  the  probability 
of  fault  conditions  occuring  in  a cable 
was  carried  out,  and  the  impact  of  such 
damage  was  determined. 

The  probability  of  lightning  damage  to 
buried  cable  is  a function  of  the  earth 
conditions,  the  proximity  to  other  buried 
plant,  and  the  distance  from  the  stroke 
point.  If  a cable  is  within  the  critical 
distance,  where  the  earth  potential  exc- 
eeds the  breakdown  strength  of  the  cable 
jacket,  pinholes  will  occur. 


'I'hc  critical  distance  is  expressed  : (Ref  • 


Re  : I . P 1 

:.TT.Vo 


Re  = Critical  distance 

1 • Impulse  current  magnitude 

Vq  = Impulse  breakdown  voltage  (jacket) 

P = harth  resistivity 


The  degree  of  pinhole  damage  may  be 
expressed : 


P . iOO.N.A.TT.  Rc  I 


P = ^ cable  subject  to  pinholes/year 

N r Strokes  to  ground  / unit  area 
A - Area  of  vulnerability/unit  length 


A . :.R^,  3 

He  ncc ; 

p . loo.N. i-.e-  j 4 

Hence  substituting  the  relevant  earth 
resistivity  and  thunderstorm  frequency 
data  provides  an  estimate  of  likely 
damage  statistics  for  a given  region. 
Employing  this  technique,  the  suitability 
o'  powder  filled  cable  was  assessed 
from  a system  security  point  of  view. 

The  rate  at  which  fault  conditions  appear 
depends  on  the  number  of  lengths  vulner- 
able to  the  pinholing  phenomenon,  which 
arc  situated  in  a wet  environment.  The 
water  penetration  into  the  core  through 
the  pinholes  results  in  a capacitance 
increase  which  was  considered  to  reach 
critical  proportions  at  a SI  level. 

The  penetration  of  water  into  the  core 
through  pinholes  of  the  site  normally 
encountered  with  lightning  damage , (other 
than  direct  strikes  or  arcing  to  the 
cable),  was  found  to  be  much  shorter  than 
the  3’  length  discussed  in  an  earlier 
section  on  mechanical  damage  effects. 
Results  of  experiments  to  determine  the 
typic.al  penetration  distance  in  the  event 
of  a pinhole  occuring  in  the  sheath  are 
shown  in  table  5. 


TABLE  5 


PINHOLE 

DIAMETER 

0.5 

WATER 

1 

HEAD 

2 

(FEET) 

3 

0.021" 

6" 

5" 

- 

5" 

0032” 

I 

8" 

10" 

22" 

- 

0.052 

i 

12" 

17" 

29" 

- 

WATER  PENETRATION  DISTANCE  THROUGH 
PINHOLES  IN  THE  CABLE  SHEATH 


Using  these  typical  blocking  distances 
as  a base,  and  applying  the  level  of 
damage  as  calculated  using  equation  4, 
a view  of  the  fault  rate  expected  in 


a number  of  areas  in  North  America  was 
obtained.  The  mean  time  to  reach  fault 
conditions,  (defined  as  a 5'»  change  in 
capacitance),  due  to  lightning  damage 
was  calculated  and  the  results  for  Ca- 
nada are  shown  in  table  6. 


TABLE  6 


PROVINCE 

AVERAGE  ANNUAL 
% OF  CABLE 
SUBJECT  TO  JACKET 
PINHOLES 

MEAN  TIME 

TO  A "FAULT 
CONDITION- 
YEARS 

ALBERTA 

0.003 

2,000  1 

MANITOBA 

0 009 

2.000 

SASKATCHEWAN 

0 003 

10.000 

B C 

0.03 

300 

■ ONTARIO 

0.06 

200 

QUEBEC 

0 09 

300 

NEWFOUNDLAND 

0.95 

50 

NEW  BRUNSWICK 

0.5 

50 

NOVA  SCOTIA 

0.5 

50 

P.E.I. 

0.1 

200 

Hence  the  mean  time  to  a "fault"  condi- 
tion approaches  the  normal  life  expec- 
tancy of  cable  in  areas  where  extremely 
high  earth  resistivities  are  prevalent, 
and  far  exceeds  it  in  areas  of  low 
resistivity.  In  the  majority  of  applica- 
tions, there  is  a low  degree  of  risk, 
therefore  the  principal  conclusion  of  the 
study  was  that  the  transmission  characte- 
ristics of  powder  filled  cable  would  not 
be  significantly  degraded  as  a result  of 
lightning  damage  in  the  form  of  pinholes. 


PHYSICAL  TEST  PROGRAM 

The  nature  of  the  filling  material  is  such 
that  it  may  be  easily  removed  from  the 
cable  core.  The  ease  with  which  it  can  be 
removed  posed  a further  question.  - Will 
the  powder  shift  within  the  cable  during 
shipping  and  installation?  Three  experi- 
ments were  performed  to  test  for  this 
effect . 

A - An  actual  shipping  test  was  performed 
which  transported  a reel  of  powder  filled 
cable  over  1500  miles,  held  in  a truck  in 
the  same  position. 

B - Samples  of  prototype  cable  were  subjec- 
ted to  a vibration  test  as  per  ref.  5.  In 
this  test  the  samples  were  preconditioned 
by  temperature  cycling,  humidity  exposure, 
and  heat  aging.  The  samples  were  then 
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vibrated  for  20  minutes  in  a varying  cycle 
that  ranged  from  5 Hz  to  20  Hz  and  back 
to  5 Hz  in  one  minute.  Table  7 lists  the 


resnl t s 

obtained . 

PAIR 

% CHANGE 

ID. 

MUTUAL 

B-W 

0 

1 G-W 

0.5 

BR-R 

0 8 

B-BK 

0.1 

G-BK 

0.4 

B-Y 

0.2 

O-Y 

0 

G-V 

0.1 

S-V 

0.2 

1 

SAMPLE 

PENETRATION 

IN  FEET 

LEFT 

RIGHT 

1 

3.5 

4 0 

2 

3.5 

2 5 

3* 

3.0 

3 0 

4 

0 

0 

5* 

0 

3.5 

6 

0 

0 

7* 

4 0 

4.5 

8 

4 5 

0 

9* 

0 

0 

10 

0 

4 5 

•SAMPLES  WHICH 
WERE  VIBRATED 


effect  of  VIBRATION  ON  MUTUAL  CAPACITANCE 
AND  WATER  BLOCKING  CAPABILITY. 


The  results  shown  in  tabic  7 were  obtained 
on  consecutive  lengths  cut  from  prototype 
cable.  The  penetration  results  indicate  a 
variability  of  filling  material  content  in 
the  prototype  cables.  As  discussed  earlier, 
the  variability  has  been  corrected  with 
advances  in  manufacturing  technique. 

C - Cable  samples  were  subjected  to  a 
cTynanic  test  apparatus.  (FIC  ^)  . The 
cables  were  pulled  through  the  apparatus 
at  speeds  of  25*1  FPM  and  were  precondi- 
tioned at  temperatures  ranging  from  -3PC 
to  ♦30C. 


FIGURE  3 

CABLE  SAMPLE 


DYNAMIC  TEST  APPARATUS 


In  all  of  the  tests 
tance,  capacitance  i 
blocking  capability 
and  after.  A T.D.R. 
mine  before  and  afti 
ristics.  Changes  de 
nature,  well  within 
error.  It  was  concli 
tion  of  powder  does 
ling  the  cable  unde 
installation  condit 

LONG  TERM  STABILITY 


, the  mutual  capaci- 
unbalance,  and  water 
were  measured  before 
was  also  used  to  exa- 
er  impedance  characte- 
tected,  were  of  a minor 
the  experimental 
uded  that  a redistribu- 
not  occur  when  hand- 
r normal  shipping  and 
ions . 


The  diffusion  of  moisture  through  the 
sheath  into  the  core  is  a possibility 
recognized  by  many  researchers  active  in 
the  communication  field.  (Ref.  4j 
Permeation  of  the  exterior  polyethylene 
jacket  is  a well  documented  fact,  and 
cables  without  metallic  barriers  have 
encountered  such  a phenomenon.  With  the 
sealed  sheath  of  modern  day  construction, 
the  rate  of  permeation  into  the  core  has 
been  so  drastically  reduced  as  to  be 
insignificant.  Because  of  the  nature  of 
the  filling  compound,  the  question  of 
moisture  diffusion  becomes  important,  and 
hence  a program  of  tests  to  verify  tK 
performance  of  the  new  cable  over  exten- 
ded periods  was  carried  out.  Various 
accelerated  aging  tests  were  performed  on 
samples  of  cable  with  sheath  construction 
ranging  from  jacket  only  to  a properly 
bonded  sheath.  Table  8 lists  the  samples 
and  the  tests  to  which  they  were  subjec- 
ted. Each  situation  represents  a different 
acceleration  factor  and  combined  with  the 
presence  or  absence  of  metallic  barrier, 
a wide  range  of  factors  wore  covered. 


ROOM 

TEMP. 



50C 

70C 

CYCLED 

40C  - 60C 

STANDARD 

SHEATH 

1 

>!« 

* 

UNSEALED 

SEAM 

1 

* 

JACKET 

ONLY 

fit 

* 

DAMAGED 

SHEATH 

_1J 

‘SAMPLES  SUBJECTED  TO  VARIOUS 
AGING  CONDITIONS. 


The  highest  acceleration  factor  resulting 
from  cycling,  elevated  temperature,  and 
absence  of  metallic  barrier  was  determined 
to  be  5000  to  1.  The  results  from  this 
test  showed  that  it  would  take  in  excess 
of  200  years  before  a powder  filled  cable 
with  regular  sheath  would  experience  a 
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capacitance  increase  of  5^,  if  the  cable 
was  situated  in  a permanently  wet  environ- 
ment . 

figures  4 and  5 illustrate  the  results  of 
two  of  the  experiments  aimed  at  confirming 
the  ability  of  the  new  cable  to  perform 
over  long  periods.  Three  samples  of  cable 
were  used:  - One  with  the  standard  sealed 
sheath,  one  with  a poor  bond  at  the  over- 
lap, and  one  having  only  a jacket.  As 
expected,  the  "jacket  only"  sample  increa- 
sed in  capacitance,  while  both  the  others 
remained  stable  over  the  time  frame  of  the 
test . 


Summarizing  the  results  of  the  lab.  test 
program,  it  was  concluded  that  the  powder 
filled  cable  would  perform  electrically 
in  an  identical  manner  to  grease  filled 
cable.  Physically  the  new  cable  outper- 
forms the  grease  filled  cable  and  guaran- 
tees protection  against  water  travel  in 
the  core.  The  cable  will  retain  its  elec- 
trical characteristics  over  the  normally 
expected  lifetime  for  telephone  cable,  and 
in  the  event  of  sheath  damage,  it  will 
seal  itself  against  the  further  penetration 
of  water  in  such  a manner  as  to  retain 
transmission  quality. 


MUTUAL 
CAPACITANCE 
NF  MILE 

90 


85 


80 


75 

I 10  100  300 

TIME  IN  DAYS 

CHANGE  IN  MUTUAL  CAPACITANCE 
VERSUS  TIME  FOR  VARIOUS  TYPES 
OF  SHEATH  IN  WATER  AT  20C 


FIGURE  4 
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The  rate  of  increase  in  ca|>acitance  of  the 
"jacket  only"  sample  agreed  with  the  res- 
ults obtained  in  earlier  cycling  and  ele- 
vated temperature  tests. 

Cables  with  damaged  sheaths  were  also 
immersed  and  monitored.  The  mutual  capaci- 
tance increased  in  the  initial  stages  as 
water  entered  the  cable  and  blocked.  Once 
blocking  occurred,  the  mutual  capacitance 
levelled  off  and  remaincL;  constant.  fIG  5 


% CHANGE 
N 

MUTUAL 

capacitance 


FIGURE  S 


PERCENT  CHANGE  IN  MUTUAL  CAPACITANCE 
VERSUS  TIME  FOR  DAMAGED  CABLE  IN 
WATER  AT  20C  AND  SOC 


APPI.  IC.ATION  Tf.STIN'G 

As  part  of  the  normal  evaluation  program 
on  a now  cabl',  a number  of  "real  life" 
trials  were  held.  They  may  he  divided  into 
three  basic  categories:  "In  house".  Tech- 
nology, and  I'icld  trials. 


1\  HOIJSH" 


Two  lengths  of  powder  filled  cable,  toge- 
ther with  a reference  length  of  grease 
filled  cable  were  buried  in  the  grounds 
of  Northern  Telecom's  Kingston  cable  manu- 
facturing plant.  The  area  was  chosen  be- 
cause of  the  tendency  to  flood  in  sjiring, 
and  hence  provide  a severe  test  for  the 
cables,  l-'ig.  d illustrates  the  wet  condi- 
tions which  prevailed  during  the  placing 
operations  which  were  performed  in  Hecem- 
ber  1975. 


FIGURE  6 


IN  HOUSE  " FIELD  TRIAL  AT  KINGSTON 
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Iwo  tnuifJ  splices  were  performed  on  the 
powder  filled  cables,  and  all  ends  were 
terminated  in  a pedestal  for  ease  of 
access.  One  of  the  powder  filled  cables 
was  damaged  in  9 separate  locations  with 
the  damage  ranging  from  slits  in  the  sheath 
to  a complete  ring  of  sheath  being  removed. 
One  of  the  damage  conditions  is  shown  in 
lig.  -. 


FIGURE  7 


EXAMPLE  OF  THE  DAMAGE  CONDITIONS 
ON  THE  POWDER  FILLED  CABLE 


Once  installed  the  cables  were  monitored 
to  determine  if  a change  in  t ransm i ss i on 
parameters  occurred.  It  was  found  that  the 
undamaged  cable  remained  stable  over  the 
entire  period.  1 he  damaged  cable  showed 
an  increase  in  the  early  stages  as  water 
entered  the  cable  and  blocked.  .After  10 
weeks  the  capacitance  levelled  out  and 
has  remained  stable  since.  {A  period  of 
90  weeks).  fig.  S shows  the  results  of 
mutual  capacitance  over  the  period. 


FIGURE  8 


TltUI(  IN  WE€RS 


MUTUAL  CAPACITANCE  OF  BURIED 
POWDER  FILLED  CABLE 


TfCH.SOl.OC.Y  TRIM. 

A technology  trial  was  held  with  Kell  Ca- 
nada to  verify  the  performance  of  powder 
filled  cable  on  a digital  carrier  link. 

A d.S  mile  loop  of  cable  was  installed 
between  two  offices  in  Southern  Ontario. 
Ihe  cable  was  ploughed  over  the  major 
portion  of  the  route  with  apparatus  cases 
installed  on  poles  as  shown  n fig.  9. 
Splices  at  the  repeater  points  were  above 
ground  in  CI'-8  closures,  as  shown,  and 
intermediate  splices  were  buried.  The 
repeaters  close  to  the  offices  were  ins- 
talled in  pressurized  apparatus  cases  in 
manholes . 


TECHNOLOGY  TRIAL  APPARATUS  CONFIGURATION 


fhe  main  objective  of  the  test s ,per formed 
on  the  cable, was  to  monitor  for  any  degra- 
dation in  digital  transmission  quality 
that  could  be  attributed  specifically  to 
the  cable.  A 100  mile  span  was  simulated 
by  looping  back  four  times  between  the  two 
offices,  as  shown  in  figure  10. 


1 FR0‘^ 

FIGURE  10 
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DELHI  OFFICE 

ERROR  PERFORMANCE  MEASUREMENT  TEST  ARRANGEMENT 
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Irom  the  results  of  staiiJard  measurements 
taken  over  the  period  of  test  ins,  (''  inter 
to  summerl.it  'vas  seen  tliat  tlic  transmiss- 
ion eha rae t er i s t ies  remained  stable. 

the  error  rate  performance  'vas  measured  on 
a 'vorkii's  ld1-l  carrier  system  whicli  was 
rerouted  over  the  new  cable  facility.  Tlie 
errors  were  monitored  witli  automated  test 
equipment  at  tlie  input  and  output  of  the 
span,  over  a period  of  six  weeks.  The 
resu 1 t s , a ve rased  for  a d4  hour  period,  are 
shown  in  I'isurc  11. 


FIGURE  11 


TIME  OF  DAV 


ERROR  PERFORMANCE  OF  100  MILE  REFERENCE 
LINK  AND  100  MILE  POWDER  FILLED  LINK 


I he  first  3.5  miles  of  cable  were  install- 
ed in  October  lS)7(i  to  examine  the  perform- 
ance of  the  cable  over  the  winter  and 
sprins  seasons.  I'ollowins  verification  of 
satisfactory  per formance , t he  second  phase 
of  the  field  trial  was  set  in  motion, and 
shipments  of  powder  filled  cable  as 
standard  product  ion  was  commenced  in  .June 
l‘.)7". 

.■\  special  proprara  of  product  testinp  and 
operator  reaction  was  performed  on  the 
initial  installation  at  Moss  bank  in 
Saskatchewan,  (fisurc  Id) 


FIGURE  12 
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ROUTE  OF  FIRST  INSTALLATION  AT 
MOSS  BANK  SASKAFCHEWAN 


Che  actual  errors  appearing  in  the  100 
mile  span  of  powder  filled  cable  were  of 
the  same  order  as  those  generated  in  the 
100  mile  Toronto/.Simcoe  span. 

I'hc  errors  were  correlated  with  tlie 
telephone  ac t i v i ty , exh i b i t i ng  peaks  during 
daylight  hours  anil  low  levels  at  night.  It 
was  concluded  from  the  trial  that  tlie 
powder  filled  cable  performed  satisfactor- 
ily on  the  system.  The  cable  will  be  cut 
over  as  a permanent  link  on  digital 
carrier  between  Delhi  and  .Simcoe  at  a 
later  date. 


TU:i.D  TRIALS 

A major  field  trial  of  the  now  product 
was  initiated  by  Saskatchewan 
Telecommunications  in  late  fall  l'J7().  The 
cable  was  supplied  from  Northern  Telecom's 
plant  in  Regina, where  it  was  manufactured 
on  a standard  production  line. 


The  tests  carried  out  on  the  cable 
included  normal  V.T.  performance  and 
carrier  capability  at  150KIl:,and  "TdKlI:. 
Taich  span  was  checked  prior  to  splicing  in 
the  loading  coils. 


The  cable  was  ploughed  using  an  Allis 
Chalmers  ilDl  1 tractor  equipped  with  a 
standaid  plough  as  shown  in  figure  13. 
Loading  coils  were  spliced  into  the 
cable  at  regular  4500'  intervals. 

Because  the  cable  was  lighter  in 
comparison  with  the  equivalent  grease 
filled  cable,  it  was  found  easier  to 
handle  ,and  was  ploughed  with  no  trouble. 


The  testing  and  splicing  operations 
were  found  easier  to  perform  on  the  powder 
filled  cable  because  of  the  ease  of 
removal  of  the  filling  material,  (figure 
111. 
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FIGURE  13 


PLOUGH  USED  IN  FIELD  TRIAL  INSTALLATION 


FIGURE  14 


SPLICING  OPERATION  IN  PROGRESS 


A si-ries  ot  nuost  ionna  i res  wore  issueJ  to 
the  field  personnel  to  obtain  their 
reaction  to  the  new  product.  The  quest ion- 
naires  (l  iRure  1'.)  attempted  to  obtain 
information  pertinant  to  the  human  aspects 
of  the  installation  and  splicing  as  well 
as  the  performance  characteristics. 


FIGURE  IS 


questionnaire  =2 
O P FIELD  trial  =26 
TO  BE  COMPLETED  BY  SPLICING  CREW 

1 WERE  THERE  ANY  NOTICEABLE  DIFFERENCES  IN  THE 
SHEATH,  CONDUCTOR  INSULATION.  COLOUR  CODE. 
ETC  BETWEEN  THIS  NEW  CABLE  AND  THE  NORMAL 

GREASE  filled  CABLE? 

2 WAS  THERE  A GOOD  BOND  BETWEEN  OUTER  PE 
JACKET  AND  THE  ALUMINUM  SHIELD 


J 


0 WERE  THERE  ANY  DETRIMENTAL  QUALITIES  OF  THE 
NEW  CABLET  (IRRITATION  ETC  ) 

9 WOULD  YOU  rather  WORK  WITH  GREASE  " FILLED  OR 
THIS  NEW  COMPOUND  FILLED  CABLE"?  EXPLAIN  WHY 

10  ADDITIONAL  COMMENTS 


I iie  data  obtained  from  the  i|uest  ionnai  res 
were  summarized  as  follows: 

- I he  new  calile  was  found  to  he  more 
fle.xihle  and  lighter  than  the  equivalent 
crease  filled  cable.  In  other  respects  it 
handled  in  a similar  manner  as  prease 
filled  cable. 

- Hecause  of  the  lack  of  ciease  to  act  as 
a lubricant,  the  removal  of  the  sheath 
from  lone  sections  was  fiuind  to  be  more 
difficult.  It  was  estimated  however  that 
the  sheath  could  he  removed  with  approx- 
imately the  same  ease  as  air-core  cable. 

- Klien  openinp  the  cable  it  was  found  best 
to  use  typical  air-core  techniques  to 
prevent  the  occurrence  of  split  pairs.  The 
method  employs  the  application  of  tape  at 
the  end  of  the  cable  core  just  after  the 
sheath  has  been  removeil. 

- The  fillinc  compound  was  easily  removed 
by  shakinc  t lie  core,  leavinc  very  little 
residue  on  the  conductors  and  facilitates 
sp  1 i c i iiK . 
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- I'.xamplcs  of  comments  received  on  the 
questionnaire  were:- 

No  worse  than  grease  - in  fact  better 

Comes  off  the  clothes  easy,  and  does 
not  bother  the  eyes. 

It  is  far  superior  in  handling  and 
splicing,.,  and  on  clothes. 

- /X  definite  preference  was  expressed  by 
the  craftsmen  for  powder  filled  cable. 


The  data  obtained  from  the  electrical 
testing  are  summarized  in  table 


TABLE  9 


STANDARD  VF  TESTS 

RESISTANCE 

MET  REQUIREMENTS 

RESISTANCE  UNBALANCE 

MET  REQUIREMENTS 

LOSS  AT  1000  Hr 

MET  REQUIREMENTS 

INSULATION  RESISTANCE 

MET  REQUIREMENTS 

sinusoidal  loss  4500’  SECTION 

AT  16KH2 

5 5 06 

AT  56  KHz 

7 0 08 

AT  76  KHz 

8 0dB 

AT  112  KHz 

9 5 OB 

PSEUDO-RANDOM  DIGITAL  LOSS  4500'  SECTION** 

T1 

17  50B 

* USING  WILCOM  T236  T237 

TEST  SET 

*•  USING  LENKURT  91100 

TEST  SET 

RESULTS  OF  FIELD  TRIAL  MEASUREMENTS 


The  results  show  that  the  cable  met  all 
the  electrical  requirements  per  standard 
acceptance  procedures.  The  carrier  capab- 
ility was  also  ascert a ined , and  all  special 
test  results  were  positive.  The  reaction 
of  the  splicers  and  field  craftsmen  indi- 
cated their  preference  for  the  product 
over  grease  filled  cable. 


A second  field  trial  of  powder  filled 
cable  was  performed  by  Commonwealth  Tel, 
Pennsylvania.  The  cable  was  used  in  an 
aerial  application  and  was  found  to 
perform  up  to  all  expectations.  The 
lighter  weight  of  powder  filled  cable 
meant  longer  spans  in  aerial  sections  and 
the  smaller  d i arae t ers , p red ic t ed  for  the 
larger  pair  s i zes , i nt reduced  the  possibil- 
ity of  less  bulky  outside  plant  hardware. 

Once  again,  all  electrical  I est i ng , pc r for- 
med as  per  R . T. . A . spec  i f i ca t i on  PH  .T9, met 
requi rements ,and  craftsman  reaction  to  the 
product  was  favourable. 


rovri.usrnv 

A new  generation  of  filled  cable  has 
arrived  with  the  introduction  of  powder 
filled  cable.  The  results  of  extensive 
laboratory  tests  have  demonstrated  the 
capability  of  the  new  product  to  perform 
in  most  conditions  encountered  in  the 
outside  plant  environment.  These  results 
h.Tve  been  confirmed  by  the  successful  use 
of  cable  in  buried  and  aerial  installa- 
tions in  a number  of  field  trials. 

With  the  conclusion  of  these  trials,  the 
new  cable  is  now  considered  a tried  and 
proven  member  of  Northern  Telecom's 
standard  portfolio. 

The  reaction  of  personnel  to  the  new  cable 
has  been  favourable  and  estimates  of 
productivity  improvement  have  shown  advan- 
tages to  be  gained  from  the  use  of  the  new 
product.  There  is  little  doubt  that  this 
new  generation  of  filled  cable  will  answer 
the  needs  of  today's  technology,  and  will 
move  forward  into  tomorrow's  environment 
with  the  confidence  of  a proven  background. 
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OEVtXOPttEVT  OF  FLAME  RESrSTAXT  CABLES 
FOR  NUCLEAR  POWER  PLANT  AND 
THCIR  QUALIFICATION  TEST  RESULTS 


J.  Matsuo,  M.  Hanai*  Y.  Yamamoto,  T.  Sakurai,  I.  Nishikawa 
Showa  Electric  Wire  & Cable  Co.,  Ltd. 

Kawasaki,  Japan 


Qualification  tests  on  cables  for  nuclear  power  plants 
have  been  performed  in  the  United  States  and  Japan  on 
the  basis  of  IEEE  std  383  which  was  established  in 
1974. 

This  report  shows  the  results  of  detailed  qualifica- 
tion tests  on  the  cables  that  have  been  developed  and 
manufactured  by  us  for  use  in  nuclear  power  plants 
according  to  the  standard.  Tests  were  performed  for 
flame  resistance  and  environmental  resistance  includ- 
ing radiation  resistance,  and  evaluation  of  properties 
probably  needed  in  the  future  were  also  done. 

In  the  test  results,  it  was  confirmed  that  cables 
supplied  for  the  qualifications  satisfied  the  standard, 
and  some  new  facts  were  affirmed  from  the  results  of 
the  qualification  tests. 

Introduction 

For  nuclear  power  plants,  complete  protections  for 
safety  must  be  provided  from  the  viewpoint  of  special 
environmental  conditions  including  radiations  and 
some  kinds  of  design  basis  events.  Cables  for  nuclear 
power  plants  are  not  the  exception,  and  the  ^lame 
resistant  properties  and  the  environmental  resistant 
properties  under  the  peculiar  environmental  conditions 
including  radiation  are  required  as  the  spec.’al  per- 
formance of  the  cables. 

Nowaday  in  the  United  States  and  Japan,  the  qualifi- 
cation of  these  cables  are  being  put  in  practice  on 
the  basis  of  IEEE  std  383  which  requires  these  per- 
formances. 

In  the  United  States,  many  cable  manufactures  have 
done  the  qualification  tests  at  authorized  test 
organi2ations,but  cable  manufactures  in  Japan  have 
done  these  tests  using  their  o’vn  test  equipment,  on 
the  basis  of  users' specification  which  refers  to  the 
standard,  because  there  is  no  such  authorized  organi- 
zation in  Japan.  The  qualification  tests  consist  of 
flame  resistant  tests  including  a vertical  tray  flame 
test  which  is  specified  in  the  standard  and  of  envi- 
ronmental tests  which  ensure  the  performance  over 
the  life  under  the  normal  service  conditions  for  40 
years  and  additionally  under  any  accidental  conditions 
possible  during  the  service  life  that  is  design  basis 
event . 

This  report  shows  the  results  of  the  qualification 
tests  required  in  IEEE  std  383  and  of  some  new  flame 
tests  for  cables  which  we  have  developed. 

Qualification  tests  of  flame  resistant  cables 
for  nuclear  power  plants 

Cable  samples 


structions,  and  the  details  of  actual  cables  are  shown 
for  each  test  result. 

Cables  used  inside  primary  containment  vessel  (PCV) 
are  required  flame  resistant  properties  and  superior 
environmental  properties  including  radiation  resist- 
ance and  other  cables  used  outside  PCV  are  required 
flame  resistant  properties. 

For  most  cables,  all  materials  have  flame  resistance, 
but  for  some  exceptional  cables,  such  as  high  voltage 
power  cables,  coaxial  cables  and  the  like,  it  is  too 
difficult  to  provide  flame  resistant  property  to  the 
insulation  because  of  required  superior  electrical 
property.  Tn  this  case,  by  providing  higher  flame 
resistance  to  the  jacket  material,  the  flame  resistant 
cables  are  achieved. 

And  additionally,  materials  with  properties  necessary 
for  environmental  performance,  such  as  heat  resistance, 
steam  resistance,  radiation  resistance,  and  the  like, 
as  well  as  flame  resistance,  are  used  for  the  cable 
inside  PCV. 

Outline  of  qualification  tests 

Fig.  1 shows  the  outline  of  qualification  tests  con- 
cerning cables  for  nuclear  power  plants.  About 
environmental  test,  the  mechanical  property  and  the 
insulation  resistance  after  each  environr..ental  condi- 
tion are  measured  in  addition  to  the  test  items 
required  by  IEEE  std  383,  and  additionally  the  capaci- 
tance of  coaxial  cables  are  measured.  As  evaluations 
of  combustion  for  materials,  oxygen  index  and  quantity 
of  hydro  chloric  (HCl)  acid  gas  generation  in  combus- 
tion are  measured. 


Qualifications  for  flame  resistant  properties 

The  flame  tests  required  in  this  standard  consist  of 
the  IPCEA  vertical  flame  test  for  coaxial  cables  in 
their  completed  shape  and  insulated  conductors  of 
other  cables  and  of  the  vertical  tray  flame  test  for 
completed  cables.  In  this  report,  oxygen  index  and 
quantity  of  HCl  gas  generation  in  combustion  of 
materials  and  the  effect  of  the  carbonized  layer 
related  to  the  combustion  of  high  voltage  power  cables 
are  also  shown. 

Results  of  oxygen  index  measurements 

This  measurement  is  mainly  used  for  selecting  materials 
of  flame  resistant  cables.  Table  2 shows  the  oxygen 
indexes  of  materials  used  in  the  cable  specimens.  Most 
materials  used  for  cable  constructions  have  so  high 
oxygen  index  that  the  cables  meet  the  requirement  of 
IPCEA  and  UL  FR-1  flame  test  with  exception  of  insula- 
tions of  coaxial  cables  and  high  voltage  power  cables.^ 

The  measurement  of  the  oxygen  index  includes  a few 
problems  which  the  oxygen  index  changes  to  some  extent 
with  the  form  of  specimens  and  the  forming  condition 
of  the  carbonized  layer  of  specimens  in  combustion. 


Table  I shows  a list  of  cable  samples  for  the  quali- 
fication tests.  This  table  shows  only  the  outline  of 
materials  used  for  cable  specimens  and  of  cable  con- 
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(600  V Krade) 


I Stina.trv  • 


2 


Table  2 Oxygen  index  of  materials 


Remark  * A,  B and  C are  values  specified  hereinunder . ^ 

A:  oxygen  concentration  in  air 
B:  minimum  value  for  passing  TPCEA  vertical 
f 1 ame  test 

C:  minimum  value  for  passing  UL  FR-1  test 


As  an  example.  Table  3 shows  the  comparison  between 
the  oxygen  index  of  the  st.'.adara  form  specimen  shown  in 
ASTM  D-2863  and  the  oxygen  index  of  specimens  sampled 
from  cables  using  FR-Xl.PE.  These  oxygen  indexes  are 
greatly  changed  by  the  structure,  as  shown  in  this 
table. 

In  the  case  of  flame  resistant  materials  used  for  the 
cables  for  nuclear  power  plants,  it  is  said  that  the 
change  of  oxygen  index  by  each  environmental  test  must 
be  considered. 


The  changes  of  oxygen  index  by  the  environmental  tests 
related  to  representative  specimens  are  shown  in  Table 
4. 

As  sliovrn  in  Fig.  10,  accelerated  conditions  were  used 
as  the  environmental  conditions. 

T!ie  results  showed  that  some  lowering  of  the  oxygen 
index  la  found  after  irradiation  of  gamma  ray  in 
most  materials,  except  for  FR-Neoprene,  and  it  was 
considered  that  this  might  be  due  to  the  decomposition 
of  the  additive  by  the  radiation. 

In  conclusion,  the  lowering  of  the  oxygen  index  did 
not  occur  even  after  the  series  of  environmental  tests 
was  completed. 


Table  3 Oxygen  index  variety  due  to  sample  shape  (FR-XhPK) 


ASTM 

I 02863 

Tube  sample  cut  from 
insulated  wire 

Tube  samples  cut  from 
coaxial  cable  jackets 

Outer  diameter(mr/) 

I Thickness  (mm) 

' 6" 

l' 

03  1.8 
J'l--  0.8 

3.6 

-Jf  1.0 

1.0 

i5^0.85 

*-S\6.2 

-V%.85! 

! Length  (mm) 

1 50  I 

I Oxygon  index 

30.3 

36.2 

1 3^-2 

1 1 

i 

1 1 

Table  4 Oxvgon  index  change  by  environmental  tests 


Sample 

Original 

After  heat  aping 

(Ulll^C  X 7 days) 

After  Y*ray  irradia 
t ion 

( 200  Mrad  s) 

After  LOG A 
simulation 

(described  in  Fig. 10) 

FR-XLPE 

30.  3 

29.8 

28.9 

30.7 

FR-EP  rubber 

32.5 

32.9 

32.5 

32.9 

FR-Neoprene 

43.4 

47.8 

55.7 

62.3 

FR-Hypalon 

49.1 

49.1 

43.9 

47.4 

lEKF.  std  383  vertical  tray  fla;  e test 

Tests  related  to  the  qualification  of  flame  resistant 
cables  before  setting  up  the  vertical  tray  flame  test 
wore  almost  small  scale  tests,  and  could  easily  be 
done  in  labo.  ’ ’»ries,  such  as  flame  tests  for  materi- 
al® and  horizontal  or  vertical  flame  tests  for  insu- 
lated conductors.  With  the  setting  t>f  the  stantlard. 


cable  manufactures  in  Japan  have  prepared  facilities 
for  flame  tests. 

The  following  paragraph  shows  the  results  of  vertical 
tray  flame  test  for  the  developed  cables  in  Table  1 
and  additionally  the  results  of  comparison  between 
this  test  and  vertical  duct  flame  test  which  has  been 
lately  adopted  by  one  of  users  in  Japan. 
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IKKE  std  383  vertical  flame  test  method 


Fig.  2 shows  the  main  test  room  which  has  a height  4m 
in  the  test  area  (3m  x 3m).  This  room  is  equipped 
with  an  air-flue  monitoring  and  ventilating  system 
capable  of  replacing  air  in  the  test  room  once  every 
2 Itwo)  minutes. 


Fig.  2 Room  for  vertical  flame  test 


■ ; Vertical  metal  ladtler  tv|)e,  heiu)' 
ySniTi  deep,  lOOnm  wide  and  24()OnHn 
I oin- 

burner:  Rihht'ji  tvpe,  Americ.m  (las 
lurtKU'e  I t <1 . hunuT  I(>  in 

I I - SS  dr  i I line. 


n 

Fig.  3 Vertical  tray  flame  test  apparatus 


Te-st  results  for  the  developed  cable 

Results  of  tray  tests  for  ihc  representative  cables 
are  shown  in  Table  3 with  the  oxygen  index  of 
materials  used  and  results  of  IPCEA  vertical  flame 
I tests. 

I 

I All  samples  satisfied  the  vertical  tray  flame  test, 

but  burning  behavior  of  each  sample  was  somewhat 
different  due  to  materials  used  and  by  the  difference 
[ of  cable  sizes. 


[ In  the  case  of  high  voltage  power  cable,  the  carbon- 

I ized  layer  of  the  jacket  created  in  combustion  has 

f adiabatic  and  protective  effect  against  the  insulation 

[ and  prevents  Che  fire  spread  of  the  cable,  as  des- 

cribed later,  thus  resulting  in  shorter  flame  distance 
1 of  the  insulation  as  compared  to  other  cables. 


[ Hut  because  of  the  flammability  of  the  insulation, 

t when  some  parts  of  the  jacket  broke  during  the  burning 

\ time,  the  insulation  caused  decomposition,  melting, 

and  combustion,  thus  resulting  io  some  afterburning 
even  after  removing  the  burner. 


Ou  the  contrary,  comparing  low  voltage  FR-PH  cable 
with  FR-PN  cable  showed  that  FR-PH  cable  used  Hypalon, 
which  has  higher  oxygen  index  than  that  of  Neoprane, 
as  the  jacket,  showed  longer  flame  distance  in  the 
case  of  vertical  tray  flame  test. 

The  result  showed  that  the  evaluation  for  flame  re- 
sistant cables  could  not  be  performed  by  only  the 
oxvgen  index. 

Comparison  of  burning  behavior  between  the  vertical 
tray  f lame  test  and  th^  vertT c a I duct  flame  test 

Recently,  as  a more  severe  flame  test,  the  vertical 
duct  flame  test  has  been  done  in  Japan. 

The  figures  of  both  test  methods  arc  shown  in  Fig.  4. 
Results  of  both  tests  for  representative  cables  in 
Table  5 are  shown  in  Table  6. 

The  results  showed  that  the  vertical  duct  test  was 
a more  severe  flame  test  than  the  vertical  tray  test. 
Reasons  for  the  severity  were  suggested  by  the  follow- 
ing two  iters. 


Comparing  low  voltage  FR-PH  cable  with  FR-CM  cable 
showed  that,  as  described  by  results  of  oxygen  index 
and  IPCEA  vertical  flame  test,  higher  fl.ime  resistant 
FR-PK  cable  had  shorter  distance  burned  of  the  insu- 
lation and  the  jacket  in  the  case  of  vertical  tray 
flame  test. 


(1)  Flame  promotive  effect  by  a flue;  Very  fast  up- 
weliing  air  stream  was  generated  in  the  inside  of 
the  duct,  and  the  flame  stretched  to  the  upper 
part  because  it  was  pulled  up  by  the  stream. 

(2)  Effect  of  temperature  increasing;  Temperature  com- 
parison between  the  vertical  tray  and  the  vertical 
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closed  duct,  where  samples  were  not  burnt,  is  shown  in 
Table  7.  ^The  point  at  which  the  temperature  was 
measured  was  about  Ira  above  the  burner.  The  test 
result  showed  that  the  temperature  of  the  vertical 
closed  duct  increased  to  some  extent  with  the  increased 
duration  of  combustion. 

Concerning  the  above  description,  a test  result  that 
the  rise  of  temperature  of  materials  resulted  in 
considerable  lowering  of  oxygen  indexes  of  materials 
was  reported.^ 


lEEEsrd  383  vertical  tray 

flame  test  vertical  duct  flame  test 


Fig.  4 Apparatus  of  vertical  tray  and  duct 


Table  6 Comparison  between  both  flame  tests 


Test 

IEEE  std  383  vertical 
flame  test 

Vertical  duct 
flame  test 

Sample 

Length  of  jack- 
et burned(cm) 

Deci- 

sion 

Length  of  jack-  Deci- 
et  burned(cm)  sion 

6kV  FR-CV 

1C  X lOOram^ 

70 

passed 

180 

fai led 

6kV  FR-CV 

3^  X 38inm2 

50 

passed 

100 

passed 

600V  FR-CV 

7C  X 2mm2 

130 

pass:>d 

180 

fai led 

600V  FR-PH 

7^  X 2jin2 

100 

passed 



150 

passed 

Evaluations  related  to  other  combustion  behaviors 

We  carried  out  two  evaluations  on  combustion  behavior, 
as  described  below,  in  addition  to  three  qualification 
tests  for  flame  resistance,  as  described  above. 


Measurement  of  the  quantity  of  hydrochloric  acid 


Recently,  ai tent  ions  have  been  paid  to  suppression  of 
toxic  and  corrosive  gases  generated  from  burning  cable 
in  fire  because  of  the  detrimental  effect  to  human 
beings  and  electrical  devices. 

In  order  to  reduce  the  quantity  of  generation  of  toxic 
and  corrosive  gas  as  much  as  possible,  measurement 
of  the  quantity  of  hydrochloric  acid  gas  generated 
in  combustion  was  added  as  a qualification. 

In  Japan,  this  kind  of  research  and  development  was 
first  performed  for  low  HCl  PVC  including  in  Table  1, 
and  at  present  considerable  quantity  of  this 
material  are  used  as  a cable  jacket  material.  Several 
methods  for  hydrochloric  acid  measurement  in  combus- 
tion have  been  already  shown;  here  the  results  by 
JCS  56*  method,  which  was  temporarily  published,  were 
shown.  The  outline  of  the  test  device  and  the  method 
is  shown  in  Fig,  6 and  7.  Measurement  results  are 
shown  in  Table  7.  The  quantities  of  HCl  from  most 
materials  varied  from  about  a third  to  about  a half 
of  that  from  conventional  PVC  material. 

*JCS56;  Japan  Cable  Makers  Association 
Standard  No.  56 


Precise  measurement  of  sample  weight  by  chemical 
balance  (about  0.5g) 

The  sample  is  put  into  an  electrical  furnace,  pre- 
heats at  300  'v  400®C  for  5 minutes,  and  burns 
800l30®C  for  30  minutes. 

(carrier  gas  : 0.5t/min  dried  air) 

Quantitative  analysis  of  HCl  gas  by  silver  nitrate 
(refer  to  JTS  K 0101) 


Fig.  6 Measurement  of  the  quantity  of  HCl  ga.s  generation  in  combustion 
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3 

3 

3 

© 
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quartz  boart  (containing  sample) 
thermocouple 

electrical  tubular  furnace 

gas  washing  bottle  for  trapping 
hydrochloric  gas 


Fig.  7 Diagram  of  combustion  and  HCl  trapping  apparatus 


Table  7 Weight  of  HCl  evolution  by  material 


Material 

( reference) 

conventional 

PVC 

for  cables 

L 

low  HCl  PVC 

jacket  of 
low  voltage 
FR-CV  cable 

Special 

FR-PVC 

jacket  of 
high  voltage 
FR-CV  cable 

FR-EP  rubber 

insulation  ot 
low  voltage 
FR-PH  and 
FR-PN  cable 

FR-XLPE 

insulation  of 
low  voltage 
FR-CH  cable 
and 

jacket  of 
coaxial  cable 

FR“Nroprene 

jacket  of 
low  voltage 
FR-PN 
cable 

FR-Hypalon 

jacket  of 
low  voltage 
FR-PH  and 
FR-CH  cable 

Weight  of  HCl 
evolution  * 
(mg/g) 

300  350 

I' ' ■ ■ ■ 

80  -v.  90 

230  T.  250 

70  ■u  80 

50  'V  60 

... 

140  -u  150 

90  •v  100 

Remark  * mg/g  (weight  of  HCl  gas/weight  of  sample) 


From  the  point  of  view  of  ingredients  of  materials, 
there  are  two  methods  of  HCl  suppression,  (hie  is  the 
addition  of  HCl  capture  agent  to  the  material,  for 
example  low  HCl  PVC,  and  another  is  that  the  addition 
of  halogcnated  compounds  as  flame-retardant s,  iskept  to 
a minimum  in  selecting  ingredients  of  a material. 

Formation  of  carbonized  layer 

As  described  above,  the  method  of  providing  flame 
resistance  to  high  voltage  power  cables  must  be  achieved 
by  using  flame  resistant  jacket. 

When  a conventional  XLPE  insulated  PVC  jacketed 
cable  (CV)  is  burnt  in  vertical  tray  test,  cracks 
generate  on  the  surface  of  the  jacket  and  then  the 
PK  insulation  is  intensely  burnt  at  the  part  of  the 
cracks,  so  Chat  the  flame  readies  the  top  of  the  tray 
within  10  minutes.  Simply  increasing  oxygen  index  of 
P\'C  jacket  by  the  addition  of  flame  retardants  provides 
little  protection  effect  against  the  combustion  and  if 
these  cracks  generate,  the  cable  does  not  pass  the 
flame  test.  Therefore,  carbonized  layer  formed  in 
combustion  is  required,  f,*-  that  it  Is  very  tough,  and 
cracks  do  not  generate.  And  the  layer  has  protection 
effect  and  adiabatic  effect  for  the  itisulacion. 


carbonized  layer  formation  from  the  viewpoint  of  mate- 
rials, the  jacket  material  01  high  voltage  power  cable 
was  obtained  by  using  a special  combination  of  polymers 
and  additives  that  strengthens  the  carbonized  layer. 
Flame  tests  for  the  special  flame  resistant  high  volt- 
age power  cable  are  shown  in  Table  5 and  6. 

Fig,  8 and  9 show  anexperimental  result  about  the 
adiabatic  effect  of  the  carbonized  layer. 


(omperat  uro 


As  the  result  of  the  investigation  tliat  focuses  on  the 
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Fig.  8 Diagram  of  the  test  for  adiabatic  effect 
of  carbonized  layer  of  special  FR-PVC 


* FI  amt'  makt's  a 
holt'  at  tho 
center  of  the 
sample  hy 
dripping. 


Table  8 Diagram  of  LOCA  condition  for 
BWR  and  PWR 

— Pressure  water  reactor — 

(1)  Exposure  to  Nuclear  Radiations 

150  Mrads  after  1 year 

(2)  Exposure  to  Steam  and  Spray 
(a)  Steam  L.xposure 

Time  (*C)  (Ibf/in^,  gauge) 


Fig.  9 Comparative  adiabatic  effect  of 
carbonized  layers 

With  a conventional  flame  resistant  PVC  plate,  melting 
of  flame  contact  part  occurred  and  a large  hole  was 
created  at  the  part,  but  on  the  contrary,  with  the 
special  flame  resistant  PVC,  the  considerable  expan- 
sion  occurred  during  carbonizing  and  the  expanded 
carbonized  layer  acted  as  an  adiabatic  layer,  which 
resulted  in  the  temperature  of  the  back  side  of  the 
burner  being  only  about  100°C  even  after  twenty  minutes 
of  the  flame  test. 


Qualifications  related  to  environmental  conditions 


0 to  10  seconds  A8.9  to  148.9  0 to  70 
10  seconds  to  10  hours  148.9  70 
10  hours  to  4 days  98.9  40 
4 days  to  1 year  75.0  5 


(b)  Spray  Exposure 

Continuously  spray  for  first  24  hrs  with  a 
solution  of  the  following  composition  at  a rate 
of  6.1  ((ml/min) /m^)  of  area  of  the  test  chamber. 

0,28  molar  113803(3000  parts  per  million  boron) 

0.064  molar  Na2S203 

NaOH  to  make  a pH  of  10.5  at  77®F  (about  0.59  percent) 
Dissolve  chemicals,  on  a one-liter  basis,  in  the 
following  order: 


Outline  of  environmental  test 


— Boiling  water  reactor — 


Environmental  tests  related  to  cables  for  nuclear 
power  plants  have  been  done  on  the  basis  of  conditions 
shown  in  IEEE  std  323  attached  table,  but,  in  Japan, 
these  tests  often  have  been  done  under  each  condition 
of  the  boiling  water  reactor  or  the  pressurized  water 
reactor. 


(1)  Exposure  to  Nuclear  Radiations 

26  Mrads  integrated  over  the  accident 

(2)  Exposure  to  Steam  and  Spray 
(a)  Steam  Exposure 


The  outline  of  test  conditions  related  to  the  both 
reactors  showri  in  Che  attached  table  is  shown  in 
Table  8.  This  table  shows  that  the  condition  of  the 
pressure  water  reactor  is  rather  severe  from  theview- 
point  of  total  dose  and  that  of  the  boiling  water  re- 
actor is  rather  severe  from  the  viewpoint  of  heating 
condition. 

Consequently,  it  may  be  possible  that  performance  re- 
quired to  materials  varies  according  to  the  type. 

The  test,  described  here,  simulates  the  combined  con- 
ditions of  the  boiling  water  reactor,  and  the  pres- 
surized water  reactor.  And  it  is  considered  that 
cables  which  succeed  in  the  test,  satisfy  the  perform- 
ance required  by  both  types  of  reactors.  Test  condi- 
tions are  shown  in  Fig.  10. 


Temperature 

Pressure 

Time 

rc) 

(Ibf/in^,  gauge) 

0 

to  20  seconds 

57.2  to  137.8 

0 to  62 

20  seconds  to  5 min 

137.8  to  171.1 

62 

5 

min  to  3 hours 

171.1 

40 

3 

Incurs  to  6 hours 

160.0 

40 

6 

hours  to  4 days 

121.1 

25 

4 

to  100  davs 

93.3 

10 

(b)  Spray  Exposure 

Continuously  spray  with  demineralized  water  at 
a rate  of  6.1  ((ml/min)m2)  of  area  of  the  test 
chamber. 


200 

181±1°C 

1 

: i 

**171^0  F.lectrical  energizing  _ 

7kg/cm2G(Steam  pressure) 

r “1  ns'e 

. ! 

UiiTc 

I 

■ ' (Y  2kg/cm^C(Steam  pressure) 

100 

total  dose 
' 200  Mrads  ' 
,dosG  rate. 

1 1 M Mrad/hrM 

^ 1 100®C  all  steam 

1 ^ 1 

, j 

^ -Chemical  spray  j 

L 

1 , 1 

0 


7 days 


200hrs 


0 
* 1 


10  hrs 


4 davs 


30  days 
*2 


Iheat  aging|-  ray  j rrad i at ionf 


[LOCA  simulation 


Remark  *1  withstand  test  using  20  times  mandrel 
2 withstand  test  using  40  times  mandrel 


Fig.  10  Diagram  of  environmental  test  conditions 
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Accelerated  thermal  aging  was  performed , under  a cond  i- 
tion  of  181il®C  X 7 days  for  silicon  rubber  insulated 
cable  and  TEFZEL  insulated  cable,  for  which  lieat 
resistance  is  required,  and  under  a condition  of  1211 
1®C  X 7 days  for  other  cables. 

After  thermal  aging.  200  Mrads  Y'tay  was  irradiated 
at  about  I Mrad/hr  dose  rate  by  f»0Co  y-ray  source 
for  all  samples. 


Fig.  11  Example  of  ^'’^Co',  -ray  irradiation 

The  electrical  energizing  was  performed,  in  accord- 
ance with  the  electrical  loads  suggested  la  Table  ') , 
during  the  LOCA  test,  and  the  chemical  .s,  rav  shouTt 
in  the  attached  table  of  TEEE  std  32.'  uas  sprayed 
for  fiist  A days  .if  the  LOCA  tcsl. 

chemi  c*a  1 


Fig.  12  Test  vessel  for  L(X!A  test 


Fig,  13  Equipment  for  LOCA  test 


The  ludgenientof  pass  or  failure  in  this  qualification 
test  depends  on  the  withstand  voltage  test  with  a 
cable  wound  around  a mandrel  with  twenty  times  the 
cuter  diameter  of  cable  after  y^ray  irradiation,  and 
another  withstand  voltage  test  with  cables  wound 
around  a mandrel  with  forty  times  after  LOCA  test. 

In  this  test,  mechanical  properties  and  insulation 
resistance  of  the  cables  were  measured  as  refer- 
ences. 

For  most  cables, dumpbell  specimens  taken  from  a Imm 
plate  were  used  for  tension  test  because  sampling  the 
specimens  from  cables  after  y-ray  irradiation  was 
very  difficult. 

Test  results  for  the  developed  cables 

Environmental  test  results  of  the  representative  cables 
are  shown  in  Table  9.  The  results  show  that  all 
cables  in  Table  9 satisfied  the  required  environmental 
performance. 

Comparing  FR-XLPE  with  FR-EP  gives  some 
larger  lowering  of  the  elongation  in  FR-XLPE  by  y-ray 
irradiation  and  some  larger  lowering  of  the  insulation 
resistance  in  FR-EP  after  LOCA  test,  but  the  differ- 
ence of  the  property  change  for  both  materials  was 
small  and  the  both  had  approximately  similar  environ- 
mental property. 

Comparing  FR-Hyparon  with  FR-Neoprene  gives 
larger  lowering  of  elongation  of  FR-Neoprene  by  y-ray 
irradiation. 

After  LOCA  test,  some  cracks  generated  in  the  jacket 
of  FR-PN  cable.  On  the  contrary,  in  FR-PH  and  FR-CH 
cable  used  FR-Hypalon  as  the  jacket,  no  cracks  were 
generated,  even  after  the  cables  were  bent  up  into 
small  diameter  around  the  cable  diameter. 

With  most  materials  except  FR-Neoprene,  after  LOCA 
test  the  elongation  at  break  recovered  higher  value 
than  that  after  y-ray  irradiation. 

Though  TEFZEL  insulated  cable  and  silicone  rubber 
insulated  cable  passed  both  the  withstand  test,  the 
elongations  at  break  after  the  y ray  irradiation  was 
nearly  zero. 

Consequently,  judgement  of  pass  or  failure  for  these 
cables  cannot  be  done  by  the  value  of  elongation  at 
break. 

Tests  of  coaxial  cables  include  the  measurement  of 
the  electrostatic  capacity,  as  well  as  the  tension 
test  and  the  insulation  resistance  measurement. 

Since  the  large  lowering  of  insulation  resistance 
after  the  y-ray  irradiation  considerably  recovered 
after  LOCA  test,  it  is  considered  that  the  lowering 
depends,  not  on  the  permanent  deterioration  of  the 
insulation,  but  on  the  temporary  effects  of  secondary 
electrons  created  in  the  insulation  by  tlie  y-ray 
irradiation.  The  increase  of  electrostatic  capacity 
after  the  heat  aging  might  be  due  to  the  change  which 
occurred  in  cable  structure  by  the  heating  above  the 
melting  point  of  PE. 

XLPE  including  antirad  for  the  insulation  showed 
approximately  same  mechanical  property  change  as 
FR-XLPE  of  the  jacket. 


! 
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Tdbtr  S Result*  of  flrfrf  tests 


s 

Cable 

Oxyiten  Index  (O.I) 

IPt'EA  vertical 
f 1 ame  t est 

— 

IHF 

std  3R  t vert  teal 

tray  flame  test  *1 

a V 

IS  a 

(size) 

Material 

0. 1 

Distance 

burned 

Decision 

l.iMe 
leiif  I h 
’iirneif  1 1 r* 

Tiine  .'f  after  * 
burfiini;  (min. ) 

Decision 

Flame  condition 

1 K 

bkV  FR-PH 

Insulae  ion 

FP  rubber 

19.: 

SO 

.ib.'tit  S 

passed 

After  the  burner  was  put  out,  some  parts  of 
the  jacket  which  contacted  the  flame  were 

3 X 

lacker 

FR-Hvpalon 

i9. 1 

I'lO 

.C 

bkV  FR-CV 

Insul  at  ioi) 

XLPE 

17. h 

to 

about  3 

passed 

found  to  he  cracked  and  the  insulation  in 
that  parts  kept  burninK  with  weak  flames. 

X <e 

(KxlOOos*) 

Jacket 

Special  FR-PVf 

At. 4 

100 

FR-PH 

Insular  i.>n 

FR-EP  rubber 

i:.s 

90 

i:n 

1 ^ , 

7c  s 'rid*^ 

Jacket 

FR-Hvpalon 

A9. 1 

ion 

FR-PH 

Insul at  ion 

FR-FP  rubber 

i:.  s 

70 

90 

passed 

so 

When  the  burner  was  pul  out,  the  cables  were 

2^  X 38n»^ 

Jacket 

FR-Hvpalon 

49.1 

bO 

nassed 

scarcely  burning  so  chat  there  was  no 

u 

FR-CH 

Insulae  ion 

FR-XIPF 

J(l. ) 

IIS 

passed 

UK) 

after  burning. 

t. 

7‘-'  X 2tm^ 

Jacket 

FR-Hvpalon 

49.1 

i:o 

FR-PN 

Insul at  ion 

FR-FP  rubber 

30.  3 

90 

i:o 

passed 

> 

a 

7*^  X 'mm- 

Jat  ket 

FR-Seopreiie 

43.4 

RO 

FRH'V 

[nsu . .ir  i on 

FR-XI PF 

to.  t 

US 

140 

passed 

90 

7*  X 2nHn^ 

Jacket 

I ow  HP  1 PVC 

:h.o 

I to 

(A)  RC  SR  R/u 

Insii  1 at  ion 

Irradiated  XIPF 

17. h 

90 

100 

passed 

: i 

(B|  RO  ?1b/u 

rad 

100 

i:o 

passed 

r t 

FR-XI.PF 

30.  1 

(C)  RC.  lU/u 

90 

100 

passed 

Rfmjrk 


F-valudtion  Standard:  I'naccept abJ t*  wht-n  .able  burned  cenpleiely  up  to  the  top  of  the  tray 
or  when  cable  did  not  se  I f-ext  Inpuisli  after  the  burner  had  bee.i  put  out. 
Titne  required  for  se  I f -ext  in«tij  i shnrnt  of  .able  after  the  burner  has  been  put  out. 


Table  9 Sumnary  of  environmental  test  results 


Proto  type  cable 

Property 

Original 

After  heat 
aging 

After  t rav 
irrad iat ion 

Electrical 

energizing 

level 

during  l.OCA 

After  LOCA 
simulation 

Visual  change 

l.R.**  (ft.-kml 

2,200 

h.800 

b,900 

900 

After  LOCA  Test,  there  was  not 

FR-PH 

T.S.fkg/Bw’l 

0.7 

0.  7 

0.8 

0.6 

anv  detectable  change  of  the 
jacket  visually.  No  cracks  when 

(7®  X Jtn^) 

El .(t) 

480 

4 70 

90 

2,b00V 

140 

the  cable  was  bent  by  a small 

fg.  T.S.(kR/inn^) 

1.4 

3h0 

1.7 

200 

2.3 

40 

(80V/mi  1 )x 

S minuies 

600V 

0.9 

60 

(SOV/miUx 

5 minutes 

radius  which  was  approximately 
equal  Co  the  cable  diameter. 

bOOV 

f.R.  (N.-kml 

7.SOO 

8.000 

2.  ion 

vol t age 

3A 

5.200 

voltage 

FR-  T.S.(kR/nro^> 

1.4 

1.2 

1.3 

lest 

0.9 

test 

Same  as  above. 

ipassed) 

(passed) 

(7c  X 2iib^) 

Xl-PE  El.(T> 

4b0 

^SIO 

30 

120 

l.R.  (M-.-km) 

l.M'O  “1 

4.S00'  ' 

4,900 

850 

After  LOCA  test,  cracks  were 

FR-PN 

1 ;«■  X 2^2\ 

FR-  T.S(kR/tTtn-’) 

Neoprene 

l.s 

S80 

1 .0 

200 

2.2 

20 

1.0 

10 

discovered  on  some  parts  of  the 
jacket . 

boov  •: 

l.R.  (»;-km) 

A.Sxlo'* 

S.300 

1 . 300V  X 

4,200 

1 , 300V  X 

Nothing . 

cab  le 

{ 7^  X Jnm^) 

*>  minutes 

5 minutes 

El.  (%) 

28S 

290 

t 

(passi‘d'1 

0 

(passed) 

hOOV  *? 

Rad i at  ion  rest s( ant 

l.R.  (M.-km) 

S. Axin'* 

b.SxlO* 

1.2x10* 

J.sonv  X 

7.800 

3.500V  X 

silicone  rubber 

T.S.  (km/iw^) 

n.9s 

0.98 

0.48 

^ minutes 

0.46 

5 min'  tes 

insulated  cable 

F.t.  (*) 

4S0 

4 15 

0 

(passed) 

(passed) 

(7*  X JtlBI^) 

nkV 

l.R.  (M...km) 

1.2x10* 

3.Sxia4 

9.S00 

19.bKV  X 

B.bOOV 

8,400 

19.6kV  X 

Nothing. 

S mintites 

270A 

5 minutes 

iK  X lOOmm^) 

( pass  ed) 

(passed) 

l.R.  (Mi. -km) 

A.bxlO^ 

1 .0x10^ 

I.bxlo’ 

S.SxlO' 

Coaxial  cable 

( apaci t ance  (nF/kn) 

bS.3 

72.4 

72.4 

7,0()OV  X 
^ minutes 

600V 

71.7 

7,000V  X 

(A)  RC  IRB/u 

R.idiarion  T.S/ kti/tnm^) 

2.2 

2.b 

1.  1 

( passed  ) 

1.0 

(passed  ) 

Nothing. 

nPF  Ll.(X) 

A20 

hSO 

40 

70 

(R)  RC  :[b/u 

l.R.  (M..-fcm) 

7. IxlO^ 

2.2x10** 

1.2x10* 

5,000x3  min 

2. 3x10^ 

5.000  X 5 nlr 

Capac it  ance  (nF/kml 

n7.S 

77. S 

7k., 

(passed) 

77.0 

(pass) 

l.R.  (H..-km) 

7.  J.lll'’ 

7.7x10^ 

1.6x10* 

(C)  RC  lU/ii 

I'apac  i t ance  ( nF/km) 

»4.7 

37.8 

38.2 

( passed  ) 

39.7 

(passed) 

Ren.irfc 


*1.  I.R.:  Insulation  Resistance 

*2.  For  these  two  rabies,  samples  for  T.S.  .ind  fl  measurements  are  rut  from  the  Insulated  wires. 
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A:  dimineralized  water 


1 


Effect  of  chemical  spray  on  the  degradation  of 
materials 

After  LOCA  test,  deterioration  e.g.  traces  of  swelling 
and  crazing  was  found  on  the  surface  part  of  materials, 
such  as  FR-XLPE,  FR-EP  and  XLPE,  which  were  directly 
exposed  to  steam  atmosphere. 

However,  such  a phenomenon  was  not  found  on  the  sur* 
face  of  FR-Hypalon,  FR-Neoprene,  silicone  rubber,  and 
TEFZEL. 

Since  it  was  considered  that  the  phenomenon  might  be 
due  to  chemical  spray,  model  experiments  using  dump- 
bell  specimens  were  performed  under  the  following 
conditions. 

Specimens:  For  XLPE,  FR-XLPE,  FR-EP,  and  FR-Hypalon 
dumpbell  specimens  were  cut  from  Imm 
thickness  plate  of  these  materials.  For 
each  material,  unirradiated  specimen  and 
irradiated  specimen  on  which  200  Mrads  y- 
ray  was  irradiated,  were  supplied. 

Test  condition:  All  specimens  were  put  into  an  auto- 
clave including  an  aqueous  solution  as 
described  below  and  held  for  twenty  hours 
in  170*c  steam  (7kg/cm2G  steam  pressure). 

And  then  they  were  taken  out  of  the  auto- 
clave and  the  observation  of  the  external 
appearance  and  the  tension  test  were 
carried  out. 

Solution  : Each  lOOcc  of  the  following  three  kinds  of 
aquous  solutions  was  respectively  poured 
into  the  autoclave  to  investigate  the 
effect  of  ingredients  in  the  chemical  spray. 


B;  173g  H3BO3  (0.28  mol/2)  and  158g  Na2S203 
5H20  (0.064  ml/2)  are  dissolved  into 
102  demineralized  water. 

C:  62g  NaOH  is  added  to  B solution  to  adjust 
the  aqueous  solution  at  pHlO. 

(Chemical  spray  components  in  IEEE  std  323 
attached  table) 

Results  of  the  tension  test  are  shown  in  Fig.  14. 

With  the  unirradiated  specimens,  change  of  the  tensile 
strength  at  break  and  the  elongation  at  break  were 
hardly  found  for  XLPE  which  contained  only  little 
amount  of  the  antioxydant,  even  after  the  steam  tests 
including  A,  B or  C solution  respectively.  With  the 
other  three  kinds  of  materials  containing  considerable 
amounts  of  additives,  the  tensile  strength  at  break 
and  the  elongation  at  break  were  lowered,  and  the 
lowering  of  elongation  at  break  was  largest  in  the 
test  that  use  demineralized  water  (A). 

With  specimens  after  the  irradiation,  there  was  a 
tendency  of  the  lowering  of  tensile  strength  of  each 
specimen;  on  the  contrary,  there  was  a tendency  of 
the  increasing  of  the  elongation. 

Comparison  with  these  three  kinds  of  aqueous  solutions 
showed  less  increase  of  the  elongation  in  the  case  of 
solution  C which  contain  NaOH,  as  compared  to  other 
solutions. 

Concerning  the  external  appearances,  any  detectable 
change  was  not  found  in  the  unirradiated  specimens 
after  the  steam  test;  on  the  contray,  with  the 
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Fig.  14  Effect  of  elements  of  chemical  spray  on  the 
mechanical  properties  of  materials 
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irradiation  specimens  except  FR-Hypalon,  deterioration 
like  swelling  and  crazing  was  found,  and  it  was 
especially  remarkable  in  the  case  of  solution  C con- 
taining NaOH. 

The  conclusion  of  above  results  is  that  the  deteriora- 
tion phenomenon  is  created  on  the  surface  part  of 
irradiated  specimens#  and  the  deterioration  is  mainly 
caused  by  NaOH  in  chemical  spray. 

With  specimens  examined  here,  the  deterioration  occurs 
on  the  surface  of  polyolefines  such  as  PE  and  EP 
rubber;  but  not  occur  with  Hypalon,  Neoprene,  TEFZEL 
and  silicon  rubber. 

It  is  considered  that  the  deterioration  is  surface 
deterioration,  and  does  not  have  large  effect  on  the 
mechanical  properties  of  the  materials  by  the  fact 
that  the  elongation  at  break,  which  has  large  effect 
on  the  results  of  the  environmental  test,  reversely 
increased  by  the  steam  tests.  It  was  confirmed  by 
cables  such  as  FR-PH  and  FR-CH  that  the  deterioration 
of  the  insulation  did  not  occur  when  a jacket  layer 
was  used. 


(3)  E.C.  Lupton  Jr.  et  al.  "Some  differences  noted 
in  the  flammability  of  wire  constructions  between 
testing  at  room  temperature  and  at  elevated  con- 
ductor temperature"  24th  International  Wire  and 
Cable  Symposium  1975. 

(4)  M.  Kuriyama,  J.  Ogura  et  al.  "Dose  rate  effect  to 
radiation  degradation  of  polymers"  Meeting  of  the 
Institute  of  Electrical  Engineering  of  Japan  1976 
report  No.  EIM-76-66 


The  reason  that  the  deterioration  is  limited  only  to 
the  surface  part,  is  as  follows.  When  polymer  mate- 
rials vere  irradiated  of  Y-ray  in  air,  the  degradation 
of  materials  is  often  accelerated  in  existence  of 
oxygen  and  is  especially  remarkable  on  the  surface 
area  in  contact  with  air.** 


Conclusion 

Qualification  tests  of  cables  developed  for  the  nuclear 
power  plant  were  performed  on  the  basis  of  IEEE  std  383. 
As  the  test  results, it  was  affirmed  that  all  cables 
examined  have  performance  required  for  cables  for 
nuclear  power  plants. 

When  considering  the  future  trend,  however,  these 
qualification  tests  may  not  always  be  satisfactory, 
and  therefore  it  may  be  probable  that,  in  future,  the 
test  conditions  will  become  more  severe,  and  addi- 
tionally, new  qualification  methods  will  be  added. 

And  further,  there  are  some  problems  which  must  be 
investigated,  as  follows. 
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o the  effect  of  the  kind  of  radiation  and  the  dose 
rate 

o the  effect  of  simultaneous  test  which  perform  y-ray 
irradiation  under  high  temperature  and  steam  condi- 
tions, as  considered  more  actual  simulated  test 

In  future,  we  will  intend  to  promote  the  research  for 
the  qualification  test  positively  in  order  to  deal 
with  such  problems  and  Improve  cable  materials. 
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ABSTRACT 

PVC  telephone  cables  can  beoone  a aai-cerous  fire 
propagation  path;  therefore  special  PVC  compounds 
were  studied  to  obtain  cables  with  higli  self-extin 
guishing  properties  and  also  with  the  reduction  of 
HCl  in  the  gases  emitted  when  the  cables  are  burnt. 

In  the  first  part  of  the  paper  new  switchboard  ca 
bles,  manufactured  with  the  above  mentioned  proper 
ties,  ai'e  described  and  the  obtained  results  are 
given  in  compar.son  with  usual  Specifications. 

In  the  second  partofthe  paper  a single  quad  1.3  mm 
high  frequency  telephone  cable  is  descriued,  for 
use  in  underground  railwaj's  with  a very  high  saf£ 
ty  degree:  in  case  of  fire  the  cable  should  main 
tain  service  continuity,  without  flame  propagation 
and  with  lov:  fume  emission. 

On  the  experimental  lengths  of  cable  many  tests  were 
earned  out  and  the  results  are  given  in  the  paper. 


1 . Special  PVC  switchuoard  casle  with  very  high 
self-extinguishing  properties  and  with  low  HCl 
emission  in  case  of  fire 

1.1  - Introduct ion 

The  danger  of  fire  propagation  is  present  where 
there  are  cables  laid  in  bundles,  particularly  in 
risers,  '.’.'hen  subjected  to  the  heat  produced  by  a 
prolonged  fire, they  can  .ocome  an  extremely  danger 
ous  fire  propagation  path. 

In  these  conditions  fire  can  propagate  with  speeds 
of  the  order  of  some  meters  per  minute  and  can  pro 
duce  dense  and  suffocating  Ibimes.  The  use  of  this 
material,  which  is  well  hnown  as  having  llame  re 
tarding  properties,  does  not  eliminate  the  danger 
descri.od  before,  when  intense  heat  is  present  and 
the  cables  are  laid  in  a wa;.’  that  favours  oonvec 
tion  ^e.g.  cables  laid  vertically  in  duct). 

In  addition  to  the  o.vious  danger  of  fire  propaga 
tion  Itself,  also  the  opeioity  ai.d  toxicity  of  the 
gases  produced  during  fire,  are  important.  ouch 
gases  are  iiarmful  uoth  for  persons  and  equipment 
particularly  in  presence  of  water  or  moisture. 


A research  program  aimed  at  the  reduction  of  the 
danger  described  above  has  been  carried  out  in  con 
nection  with  PVC  insulated  switchooard  telephone 
caules.  The  cables  here  described  are  the  result 
of  this  research  program. 

1 .2  - Properties  of  special  switchboard  cables 

The  switchboard  cable,  object  f this  research, 
has  the  some  constructional  characteristics  of  the 
standard  cables  used  in  exchanges  and  in  the  pr^ 
vate  promises  for  telephone  distriuution. 

Also  the  physical,  mechanical  and  electrical  char 
acteristics  of  these  cables  should  not  differ  from 
the  ordinary  ones,  it  is  pointed  out  that  the  char 
acteristics  of  the  new  type  must  fiilly  comply  with 
the  requirements  of  lEC  Spec.  1&9^,  to  which  the 
Italian  Standards  arc  harmonized. 

Two  peculiar  qualities  of  the  new  cables  must  be 
emphasized. 

1.2.1  - Ton  Preparation 

The  problem  of  obtaining  PVC  compounds  that  do  not 
propagate  the  flame  even  in  severe  fire  conditions 
was  already  solved  some  years  ago  and  the  final  r^ 
suits  obtained  in  Italy  were  descriLCd  also  in  a 
contribution  presented  at  the  22nd  Atlantic  City's 
dymposium^ . 

A testing  procedure  for  flame  propagation  has  been 
established  in  cooperation  with  EilEL  (Ente  h'azio- 
nale  per  I'Energia  Elettrica)^.  This  test,  which 
is  oarticularly  severe,  is  carried  out  in  the  labo 
ratories  of  CEBl  in  iiilan.  (fig.  1) 

Row  the  test  has  been  standardized  by  CEl  (Italian 
Electrotechnical  Committee)  and  consists  in  evalu 
ating  the  amount  of  fire  propagation  on  a bundle 
of  cables  (figs.  2-3)  having  a height  of  approx' 

5 ra  fixed  to  a vertical  steel  frame  and  heated  for 
a period  of  one  hour  at  a temperature  of  approx 
‘jOO®C. 

This  tost  is  considered  as  passed  if  the  cables 
have  'ournt  for  a length  not  greater  than  3.5  m or 
1.5  m for  corresponding  quantities  of  10  and  5ks'ra 
respootivoly  of  non-metallic  material  contained  in 
a b'undlo  of  cables. 
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The  PVC  cables  of  usual  constiMction,  subjected  to 
the  same  test,  burn  completely  in  a few  minutes* 

1*2,2  — Reduction  of  toxicity 

It  is  well  known  that  the  switchboard  PVC  insulated 
cables  release  fumes  containing  toxic  gases  like 
HCl,  CO  and  CO2  during  fire.  The  new  type  of  cable 
insulated  and  sheathed  with  special  PVC  compounds, 
reduces  this  danger,  firstly  as  a result  of  their 
high  self-extinguishing  properties;  secondly,  the 
new  PVC  compounds  used  for  insulation  and  sheath:^ 
incorporating  special  additives,  allow  a further 
drastic  reduction  of  HCl  umission. 

Particularly,  the  PVC  compounds,  used  for  these  ca 
bles,  have  an  HCl  emission  which  is  auout  60,^  lower 
as  compared  with  standard  PVC  compounds  when  they 


are  tested  by  an  appropriate  method  3* 

studies  on  this  subject  are  under  consideration  at 
lEC, 

1*3  - Results  obtained 

Up  to  now,  many  km  of  switchboard  telephone  cables 
of  the  new  type  are  manufactured  with  the  aim  of  e 
valuating  the  possibility  of  an  industrial  produc 
tion;  particularly,  cables  with  sizes  up  to  pairs 
1>2,  0.i>  and  0*6  ram  tinned  copper  conductor,  screen 
ed  and  unscreened,  are  considered* 

Man;,’  tests  have  been  carried  out  and  the  results 
obtained  have  been  compared  with  the  standard  pro 
duct  ion  ones* 

The  physical  characteristics  of  these  caules  have 


Table  1:  Typical  measurements  carried  out  on  special  PVC  insulated  switchooard  cables  and  charac| 
teristics  of  the  insulation  and  sheathing  materials*  j 

Ref*:  Telephone  cabi.e  21x2xO,>  mm,  PVC  insulated  aid  sheathed 
PVC  insulation,  thickness  0*20  rm.i 

PVC  sheathing,  thickness  0*'XJ  mm 

Horainal  outer  diaiietcr  10*00  mm 


Properties 

Test 

Required 

Insulat 

ion 

Jheath 

method 

values 

Hin.  tensile  stren^h 

cm2 

1230 

1630 

1600 

Min,  elongation  at  break 

123 

165 

269 

Min,  tensile  strength  afXnr  ageing 

lEC  189 

bO 

(168  h at  50*C).  Percentage  of  the  initial 
Hin.  elongation  at  breah  after  ageing 

value 

1) 

60 

103 

113 

(168  h at  60®C).  Percentage  of  the  initial 

value 

80 

96 

112 

Cold  bend:  2 h at  -10°C 

16  h at  -10»C 

lEC  189 

no  cracks 

no  cracks 

no 

cracks 

Cold  flexibility 

‘’f 

AC'E.;  D 1043 

-10 

Specific  gravity 

g/ora3 

1.49 

1.31 

Heat  shock  (l  h at  1tj0®C) 

lEC  189 

iio  cracks 

no  crcickG 

no 

cracks 

Min.  shrinlcage  after  min.  at  1t;0°C 

ISC  189 

3 

1 

1 

Oxyge.i  Index 

O.I. 

Ao'ill  D 2663 

31 

1 

30 

Max*  emission  of  HCl  during  combustion 

2) 

11 

13 

Resistance  to  fire  propagation 

CEl  20-22 

pass 

D.C*  voltage  test 

V 

1500 

pass 

Minimum  insulation  resistance  Mohm.km 

lEC  189 

300 

3900 

Minimiun  mutual  capacitance  of  any  pair 

nP/loi 

120 

88 

1)  Mean  of  minimum  measured  values.  Ho  one  value  is  out  of  specified  requirements* 

2)  According  to  Doc*  1bA(ltaly)26 


229 


been  evaluated  also  after  a period  of  many  months 
to  check  the  influence  of  a prolonged  stocking  in 
an  industrial  environment. 

In  Table  1 typical  data  are  given,  as  obtained  by 
measurwnents  on  special  cables,  in  comparison  v;ith 
the  relevant  requirements  of  lEC  169-2. 

1.4-  Conclusions 

The  results  obtained  demonstrate  the  manufacturing 
possibilities  of  special  switchboard  cables  with 
high  self-extinguishing  properties,  togehter  with 
the  emission  of  low-toxic  fumes  in  case  of  prolong 
ed  exposure  to  fire. 

The  compound  formulation  allov/shigh  extrusion  speed 
of  both  sheathing  and  insulation,  at  a rate  compa 
ra-^le  vxith  the  normal  formulations;  the  use  of  the 
new  compouiids  does  not  affect  greatly  the  svxitch— 
board  cable  cost. 

In  Italy  an  extended  use  of  these  cables  would  oe 
possible  in  many  applications,  mainly  in  the  ex 
change  distribution. 

2.  ooccial  hirh  frequency  telephone  cable,  one 
Guad  1.3  mm  for  uJiderground  railway,  vxith  a 
verr/  high  degree  of  safot.y  in  case  of  f-je 

2.1  - Introduction 

In  cooperation  vxith  technicians  of  Arf*  (iiilan  i'ram 
wao"  aiid  Jubwa^;.'  hoard),  a 1-quad  1.3  mm  telephone 
caolc  vxas  studied  to  provide  a high  safety  degree 
when  used  in  guovx(3c,'s  axid  in  other  similar  laying 
situations  (such  as  for  railways  and  motorway  tun 
nels,  underground  passages  in  factories  and  so  on)* 

This  caoie,  designed  for  high-frequency  long  dis 
tance  communications  up  to  loO  hllz,  is  screened  a 
gainst  electromagnetic  noising  effects.  This  cable 
is  also  anno’irod  with  steel  tapes  to  provide  a great 
mechanical  rouustness. 

T}io  cable  construction  complies  with  all  the  requ^ 
rements  for  a laying  along  an  underground  railvxay 
in  open  trench  or  on  the  vxailc.  such  requirements 
are  flexibility,  high  robustness,  protection  a 
gainst  rodent  attack  and  electromagnetic  noise. 

The  ca^le  is  manufactured  vxith  special  compounds  to 
obtain  the  follovxing  main  properties  in  case  of 
fi  re: 

- Continuity  of  service  (telephone  and  data  tran£ 
mission)  up  to  the  replacement  of  the  damageu 
parts 

- b'on-propagation  of  flame 

- bov;  fume  emission 

*’he  design  of  this  caole  and  the  trial  phase,  car 
ried  out  during  lo/'H ^ mainly  had  the  aim  of  verify 
ing  the  properties  described  auove. 


2.2  - Cable  characteristics 

The  cable  charactoricticc  are  given  in  Table  2. 

Table  2:  Constructional  details  of  special  tele 
phone  cable  one  quad  1.3  mm  (fig# 12) 

a)  Conductor 

Annealed  conpor  wire,  diam  1.3  nvn 

b)  Insulation 

Special  silicone  rubber 

c)  lUre  proofing  textile  protection  over  each  insu 
lated  conductor 

d)  Quadding 

e)  h'rapping 

ilre  proofing  tape 

f)  Inner  sheath 

Special  silicone  ruuber 

g)  Screening 

Copper  tape  0.1  mm  thick 

h)  ’..'rapping 

Spccietl  non-burning  tape 

i)  Ainouring 

2 steel  tapes  0.2  mm  thick 
l)  Outer  sheath 

Self-oxtinguishing  special  PS  compound  with  very 
low  fume  emission  in  case  of  fire 

Inner  sheath:  outer  diam.  approx  15  ^ 

Copper  screen:  outer  diam.  approx  16  mm 

Cable  outer  diam.  approx  24  mm 

Vieight  per  km  approx  900  kg 

Nominal  length: 500  m 

Delivery  on  standard  wooden  drums 

The  clectriccil  characteristics  are  given  in  Tab.  i 

Table  3:  Slectrical  characteristics  of  special  tele 
phone  cable  one  quad  1.3  mm 

a)  Slectrical  D.C.  resistance 

at  20®C  max  14*®  olim.km 

b)  Nominal  mutual  capacitance  43  nk/km 

c)  D.C.  voltage  test  between 
conductors  with  earthed 

screen  (duration:  1 min.)  I5OO  V 

d)  Insulation  resistance  min  1000  Molim.km 

e)  I.’.S.a.T.  at  160  kiiz  more  than  5^  db/230  m* 

i)  k.S.X.T,  (equal  level) 

at  160  kilz  more  than  Cb  di3/'230  m* 

g)  Typical  values: 

Attenuation  at  20*C 
rYequency 

Characteristic  impedance  at  20®C 
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i-requency 

oO  kllz 

120  Kila 

luO 

kila 

At  tonuat ion 

at  20® C 

1 . 66  dl>,  km 

2,20  d-v  km 

-..(0 

cU//  kjn 

Impedance 

142  olun 

139  olim 

ohm 

at  20°C 

* in  accordance  with  CCITT  Croen  dook  VoU  HI  1 
:^ec.  u iJt, 

it  ic  pointed  out  that  the  outer  clieath  in  maniuac 
tured  by  extniGion  of  a cpccial  theiTnoplant ic  con 
pound,  based  on  a copol;^Ticr  basis, non  Tlamo  piX) 
pn<;atinf;  ai.d  with  low  eniscion  oi'  toxic  l\uncG  in 
case  oi'  I'lre, 

The  latter  characteristic  is  very  important  for  the 
safety  in  tunnels  where  the  enicsion  of  dense  and 
suf focat in,-:  i\uncc  in  lai',:e  .quantities  could  create 
dan^’or  for  persons  and  difficulties  foi’  ener^qoncy 
inlervent ions, 

Man;.'  I alorator;,'  and  field  tests  were  carried  out 
also  witli  fire  sinulation  to  evaluate  the  cable  be 
haviour. 

2,}  - • 

A joint  was  desi^Tned  to  witln  tandnechanicalstraias 
tond  vcr.'  hie;^;  enperatures  wlieti  sub.icctcd  to  a d^^ 
rect  fire,  i**!,*,  4 s)..’wr>  the  joint  and  also  its  con 
struct loaal  details. 

2.4  - Measurements  pro^rram 

In  the  following:  '.able  the  tests  carried  out  in  la 
boratory  are  listed. 

Table  4i  Laboratory  tests 

a)  lilectrical  cljaracteri sties  of  the  cable 

Conductor  resistance 
Insulation  resistance 
Voltage  test 
Mutual  capacitance 
ri.K.X.'P,  and  P,E.X,T, 

b)  Pliysical  and  mechanical  characteristics 
of  the  insulation  and  sheath 

Tensile  stren^xth 
Llon/qation 
Gold  iloxibility 
Oxygen  Index 
i'\imo  Emission 

Water  absorption  (only  for  the  sheath) 
Bumin/r  field  test 

A first  field  test  was  carried  out  on  a complete 
length  of  cable,  a part  of  which  approx  6 m long, 
including  a complete  joint,  was  put  to  fire  in  a 
trou,  h with  alcohol  flame  for  at  least  30  minutes. 

(figs.'j  - 6 - (*) 

At  the  end  of  the  test  the  fire  was  cot in<rni shed  by 


the  water  of  a fire  i;ose  directly  launched  on  the 
cable  and  the  joint  contained  in  the  trougii. 

(I'lfTS.  tS  - 0 

Uuriii;;  Olid  at  Ihe  eisd  oT  the  '.cot  the  rollowiih;  ra 
rameters  wore  clicckod: 

- Conductor  reoictajco 

- Bioloctric  strength 

- insulation  reoistancc 

- >•.<->. A.  <,  and  I' . ii< . X . 1 , 

- Ciiaractoristic  impedance 

A second  test  was  cari*icd  out,  as  indicated  above, 
after  levying  the  cable  for  aoout  1^  m along  tlic 
rails,  to  check  the  transmission  ueliaviour. 

U'H%  10) 

Bata  wero  tivinami t ted  on  one  pair  at  a rate  of  1200 
bit,  sec  (v.'itli  level  of  40  dbrn)  and  tlic  error  rate 
v;as  ciiccked. 

On  the  other  pair  remote  contixilo  wore  transmitted 
at  a rate  of  foOO  saudandwitli  frequency  modulat  ion 
(.*3  nnd  lot/  kilz  wxtii  max  signal  anplitude  of2  V), 

Jcnding  tecta  and  impact  tecta  were  cai'ricd  out  on 
samples  tauen  from  the  uumt  cable. 

.ho  sanplc  was  completely  . ent  at  least  [)  times  on 
a mandrel  wiDi  bO  cm  dwimoter  Jind  during  the  tost 
a B.C.  volta(Tc  of  1000  V was  applied  between  the  con 
ductors# 

In  the  impact  lest  a shaped  tool  with  a macs  of 
2.6  kg  was  dropped  on  t)io  burnt  cable  from  a iieight 
of  1 m • 

A B.C.  volta^qc  of  200  V was  applied  dui'ing  the  im 
pact  tost  between  conductors  to  chock  the  short  cir 
cui  t • 

. P - MeasuremontG  results 

- Electrical  characteristics 

i’hc  incasuremcn' s fully  comply  with  tlie  values  giv 
oil  in  lat  lc  3. 

- Pliysical  characteristics 

■fhe  insulation  and  outer  slicalh  ciiaractcri st ica 
arc  given  in  Ta.  lo  'j, 

.burning  field  tests 

The  duration  of  the  two  tests  was  respectively  of 
apprt'X  46  and  36  minutes. 

- The  outer  sheath  is  completely  ournt  by  fire  sul 
with  very  low  fume  emission  and  without  fla.ie 
piv>pa<Tat ion  outside  the  trough. 

- A low  quantity  of  white  smoke  is  developed  only 
aner  approx  16  min.  when  the  inner  insulation 
material  is  fired. 

- The  electrical  pa-r<imetorc,  that  is,  conductor  a/id 
insulation  resistance,  M.E.a.T.  and  F.E.X.l.,  im 
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Taole  ij:  Typical  characteristics  of  silicone  rubber  insulation  and  polyethylene  ther  thermoplastic 
sheath,  as  determined  on  some  experimental  lengths 


Properties 

Silicone  rubber 

insulation 

Thermoplastic 

sheath 

Tensile  strength,  min 

N/cm2 

700 

yx 

Elongation  at  break,  min 

> 

270 

350 

after  ageing  (240  h at  200“C) 

T.S.,  percentage  of  initial  value,  min 

70 

E«B. , percentage  of  initial  value,  min 

70 

- 

after  ageing  (160  h at  bO*C) 

T.S.,  percentage  of  initial  value,  min 

- 

70 

S.B, , percentage  of  initial  value,  min 

- 

70 

Oxygen  Index,  min 

22 

34 

6mok<»  Evolution,  max 

Dm 

11b 

82 

Water  Absorption,  after  2 h in  boiling  water, 

max  mg/Cm2 

- 

5 

Specific  Gravity, 

e/cmi 

1.2 

1*50 

T.3,  and  E.B*  — Tensile  Strength  and  Elongation  at  Break  ASIM  D 63B 
Oxygen  Index  ASIM  D 2863 
Dm  « Specific  Optical  Density  - IHIS  Smoke  Density  Chamber  llaming  Mode 


Water  Absorption  ASTl-1  D ^70 

(fig*  11) 


pedance  are  comparable  with  the  ori^nal  ones  with 
no  practical  differences. 

- The  bending  test  does  not  reveal  short  circuits. 

- The  impact  test  reveals  short  circuits  only  after 
30  impacts. 

- During  the  treuiomi ssion  test  no  troubles  affected 
the  quality  of  the  transmitted  remote  controls  and 
the  error  rate  was  at  the  normal  level. 


Conclusions 


After  the  trial  phase  a possible  application  of  this 
cable  is  undsr  consideration  not  only  for  the  exis^ 
ing  underground  railways,  but  mainly  for  the  new 
ones  planned  in  some  of  the  most  important  Italian 
towns. 
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PERFORMANCE  OF  FLUOROPOLYMER  WIRE  AND  CABLE  INSULATION  IN  LARGE  SCALE 
TESTS  FOR  FLAMMABILITY,  SMOKE,  CORROSIVE  OFF-GASES  AND  CIRCUIT  INTEGRITY 


E,  W.  Foslg,  Jr.,  D,  B,  Allen,  J,  C.  Reed 

plastic  Products  and  Resins  Department 
E.  I*  du  Pont  de  Nemours  & Co.,  Inc.,  Wilmington,  Delaware 


Large  scale  fire  tests  are  described  and  results  ore 
reported  that  illustrate  the  advantages  of  fluoropolymers 
in  resistance  to  flame  propagotion,  low  evolution  of  cor- 
rosive off-gases,  and  low  smoke  production.  Cables 
that  maintain  circuit  integrity  in  long  term  flame  expo- 
sure are  described;  testing  results,  cost  and  property 
trade  offs  ore  given. 


INTRODUCTION 

In  recent  yeo*^,  grecte’’  emphosis  has  been  placed 
on  analyzing  the  overall  hazards  of  using  one  or 
another  material  as  insulation  for  wire  and  cable.  As  a 
result,  specifiers  and  users  are  demanding  more  infor- 
mation on  performance  characteristics  such  as  flamma- 
bility, agir>g,  evolution  of  smoke  ond  corrosive  off- 
gases, ar»d  fuel  value  (heat  of  combustion). 

This  paper  deals  with  tests  and  results  obtained  in 
evaluating  flammability,  smoke  generation  and  corro- 
sive off-gases.  It  olso  includes  informotion  on  moterials 
which  help  provide  insight  into  performance  of  various 
insulations  in  these  areas. 

FIRE  SAFETY 

Studies  are  now  underwoy  that  seek  to  quantify  and 
mothemotically  describe  uncontrolled  fires  in  buildings, 
transit  vehicles,  and  aircraft.  Until  such  work  results  in 
reliable  models  which  can  be  used  to  anolyze  overall 
hazards,  industry  is  faced  with  the  need  to  make  judge- 
ments on  the  bosis  of  tests  which  have  limited  scope. 
Designers  must  toke  into  account  properties  of  materials 
and  use  realistic  tests  to  help  predict  behavior  in  a fire 
thot  may  occur  at  any  time  in  the  design  life  of  a facility 
(power  plant,  factary),  transit  car  or  aircraft.  Concer- 
ning wire  or>d  coble,  the  following  factors  bear  directly 
on  the  question  of  fire  safety: 

• Insulations  should  resist  burning.  As  part  of  this 
eqjation,  insulations  should  ha  e oxygen  indices 
above  ombient  levels,  high  flash  ond  auto-igni- 
tion temperatures,  and  demonstroble  flame  retor- 
doncy. 


• Once  exposed  to  fire,  insulations  should  con- 
tribute little  as  a fuel  source  (low  heat  of  com- 
bustion), 

• Insulation  weight  should  be  minimized.  Thin 
insulations  over  the  smallest  practical  conductor 
size  offer  one  solution.  Using  multiplexing 
where  oppllcable  saves  on  the  number  of  circuits 
actually  needed, 

• Properties  of  the  Insulation  should  not  chonge 
with  time.  The  logical  choice  is  to  use  ma- 
terials with  inherent  therfTwl  stcbility  and  fire 
retardance  over  those  made  useful  only  after 
extensive  compounding, 

• Overall  costs  must  be  considered.  Cables  used 
extensively  10  yeors  ago  In  some  industries  are 
now  considered  unacceptable  because  their 
safety  performance  is  considered  Inferior  by 
today's  standards.  Responsible  designers  shun 
their  use  even  though  their  purchase  cost  is  low, 

A good  exomple  of  the  protection  affotded  by 
newer  designs  can  be  seen  in  the  nuclear  power 
industry. 

Higher  prices  for  better  cable  designs  may  add 
a fraction  of  a percent  to  construction  costs  but 
save  millions  of  dollars  in  costs  ond  lost  revenues 
by  preventing  the  spread  of  fire.  Some  of  these 
concepts  are  Illustroted  in  Table  I. 

The  example  shows  how  proper  design  can  take  advan- 
tage of  thin  walls,  low  fuel  volue  and  a high  tempera- 
ture Ir>dex  (ampacity)  to  save  obout  84  percent  of  the 
fuel  load  per  foot  of  troy  In  a plant.  Similar  analyses 
con  be  done  to  show  safety  od vantages  In  tronsit  cars, 
aircraft  and  occupied  spaces. 

FIRE  TESTS 

There  is  no  universally  acceptable  test  but  there  ore 
some  tests  which  appeor  to  hove  merit,  Agoin,  a 
rationale  should  be  used  to  choose  realistic  fire  exposures; 

• Specimens  in  the  test  should  closely  motch  those 
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in  actual  use.  Reasonably  long  lengths  of  mul- 
ti conductor  cables  in  horizontal  ond  vertical 
runs  should  be  tested  if  this  is  how  an  actual 
facilily  is  to  be  wired.  Conversely,  if  analysis 
shows  that  a high  concentration  of  single  wires 
in  a vulnerable  location  represents  a real  ha- 
zard, tests  on  single  wires  or  unjacketed 
bundles  may  be  needed, 

• Fire  sources  should  be  quantified,  reproducible 
and  available  at  a variety  of  locations, 

• Large-  or  full-scale  tests  should  receive  greater 
weighting  than  small,  bench-scale  analyses. 

Tests  of  a single  wire  stretched  horizontally  or 
at  some  ar>gle  may  give  a false  idea  of  perfor- 
mance of  cobles  in  o filled  troy. 

Among  several  tests  that  appear  to  meet  reasonable 
criteria  are  the  modified  ASTM  E-84  tunnel  test  covered 
at  last  year's  Symposlum^^^  and  the  vertical  tray  test  of 
IEEE  383,  Both  use  large  samples  and  high  output  flame 
sources.  Modifications  to  the  IEEE  test  odd  even  more 
stringent  demonds  including  still  higher  flame  size, 
comer  location,  and  higher  density  of  cables. 

To  illustrate  the  effects  of  such  tests,  Du  Pont  ran  a 
cooperative  study  with  General  Electric  Nuclear  Energy 
Division  in  September  1976,  and  a full  report  was  issued 
on  the  results. Comparative  tests  were  conducted  on 
cables  insulated  with  Tefzel^  fluoropolymer  and  a re- 
presentative cross-linked,  flame-retarded  polyethylene 
(XLPE-FR).  Table  2 lists  these  tests  and  illustrates  tht 
variables  considered. 


• Location  in  a comer  for  vertical  tests  (chimney 
effect) , 

• Vertical  and  horizontal  tests  with  cables  spaced 
one-half  coble  diameter  apart  (per  IEEE  383), 

• Flame  sources  of  210,000  and  400,000  British 
Thermal  Units  (BTU)  per  hour,  premixed  gas  and 
air  for  vertical  tests;  300,000  BTU/hr,  diffusion 
gas  flame,  horizontal  tests, 

• Spacing  between  cable  tray  and  llame  source  in 
vertical  tests  according  tc  flame  intensity. 


• Orientation  of  the  vertical  tray  with  either  the 
rungs  facing  toward  the  fire  or  away  from  it. 

We  found  large  differences  in  performance  in  this 
series  of  tests.  Figures  1-4  show  how  adjusting  condi- 
tions in  vertical  tests  intensified  the  damage  to  cables 
using  the  same  premixed  gos  flames.  The  results  agree 
with  the  general  concepts  on  fire  safety  listed  earlier. 

In  the  case  of  "Tefzel”  fluoropolymer,  less  damage  wos 
sustained,  fewer  pounds  of  jacket  and  insulation  were 
consumed,  and  flame  height  above  the  source  was  less. 

This  material  is  used  in  thin  insulations  and  has  a low 
fuel  value  (6,100  BTU/lb,),  an  oxygen  index  of  about 
30,  a 750  temperofure  index,  high  flash  and  outo- 
Ignition  temperatures  (1,026'’F  and  1,028°F,  respec- 
tively), and  exhibits  these  properties  without  com- 
pounding. 

In  the  horizontal  test,  we  gained  new  insights  not 
predicted  by  the  vertical  tests.  Both  "Tefzel"  and  the 
XLPE-FR  are  quoted  as  having  oxygen  indices  about  30, 
Yet,  the  inherently  high  fuel  value  of  polyethylene 
(20,000  BTU'^lb,)  overshadowed  the  beneficial  effects  of 
compounding.  Damage  to  "Tefzel"  was  limited  to  an 
area  just  beyond  the  4-1/2  foot  long  igniter  flame. 

Flame  travel  during  the  20-minute  test  'jn  only  3-1/2 
feet  past  the  flame  source  while  the  XLPE-FR  carried 
flames  17,5  feet,  which  was  within  two  feet  of  the  end 
of  the  25  foot  tunnel.  The  XLPE-FR  cables  were  fully 
Involved  and  burned  completely  after  the  end  of  the  test 
period.  Results  are  shown  m Toble  3,  Toble  4 lists  doto 
on  other  constructions  tested  earlier  in  15  minute  expo- 
sures, Note  that  both  "Teflon"  fluorocarbon  (01^95) 
and  "Tefzel"  fluoropolymer,  performed  about  the  same. 

Another  set  of  tests  were  conducted  on  "Tefzel"  at 
Southwest  Research  Institute  in  San  Antonio,  Texas  in 
March  1977,  In  these  tests,  filled  troys  (40  percent 
theoretical  based  on  cross-sectionol  areas  of  cables  arxl 
trays)  were  tested  using  a variable  output  flame  source, 
Troys  were  placed  in  a corner  and  reached  from  floor  to 
ceiling,  a distance  of  12  feet.  Silicone  fire  seals  were 
installed  at  the  top  and  bottom  to  simulate  penetrations 
through  the  floor  and  ceiling.  The  test  design  was 
according  to  a fire  scenario  developed  by,  G,  E, 
Nuclear,  its  urchitect/engineer,  C,  F.  Broun,  and 
Southwest  Research  Institute  (SwRi),  Solid  trays  were 
used  in  the  four  tests.  In  two  of  these  the  lower  holf  of 
the  front  cover  was  removed  exposing  cobles  to  the  fire 
source.  Instalments  measured  temperatures  in  up  to  14 
locations,  including  the  flame,  and  composition  of  off 
gases,  i,e.  CO,  C02/  O2,  hydrocarbons,  in  the  closed 
troy  test,  Tbe  latter  showed  conditions  within  the  trays 
where  no  visual  record  was  available. 

On  the  odvice  of  SwRI,  the  fire  sources  were  wooden 
cribs.  These  are  widely  used  and  understood  by  fire 
protection  engineers,  are  covered  in  standards,  and  can 
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be  duplicafed  in  many  laboratories.  SwRI  measured  the 
heat  evolved  in  o room-sized  calorimeter.  Figures  5 ond 
6 reveal  these  cribs  liberate  intense  heat.  In  one  case, 
heat  wos  measured  at  360,000  BTU/hr,  with  an  averoge 
of  about  300,000  BTU/hr.  for  15  or  so  minutes  in  the  20 
minute  tests.  (3) 

Several  concerns  were  addressed  in  these  tests. 

Would  heat  build  up  in  closed  troys  when  exposed  to  ex- 
ternally applied  flame.  Would  full  tray  tests  with  random 
cable  fill  be  more  difficult  to  pass  than  vhose  with  cables 
spaced  as  in  IEEE  383,  Finally,  would  the  comer  lo- 
cation intensify  the  severity  of  exposure  by  the  natural 
chimney  effect.  The  results  answer  these  questions. 

Figures  7 through  10  show  typical  test  setups  and  re- 
sults, Table  5 shows  that  even  in  the  most  severe  case 
(test  ^3),  cables  exposed  to  the  flames  were  damoged  to 
a height  of  less  than  four  feet  but  there  was  no  propaga- 
tion after  the  fire  source  wos  removed.  With  the  cover 
on,  damage  was  limited  to  only  those  cables  in  direct 
contact  with  the  cover  and  only  to  a height  of  16  inches. 

CORROSION 

This  Is  on  area  of  concern  where  instruments  can  be 
damaged  In  on  emergency  or  where  liberated  off-gases 
are  considered  a stress-cracking  hazard  to  stainless  steel 
vessels  and  piping.  In  the  September  1977  tests,  we 
sought  to  measure  the  corrosive  effects  of  off-gases 
generated  by  burning  cable  Insulations,  As  shown  in 
Figure  11,  test  coupons  of  stainless  steel  and  copper  were 
placed  in  locations  exposed  to  off-gases  in  the  vertical 
troy  tests.  Others  were  placed  at  the  end  of  the  25  foot 
tunnel  (modified  ASTM  E-84),  In  all  cases,  corrosive 
damage  to  the  coupons  was  less  with  "Tefzel"  fluoro- 
polymer  even  though  this  moteriol  contains  62,5  percent 
by  weight  fluorine.  These  results  ore  most  probably  re- 
lated to  the  following; 

• Halogens  in  "Tefzel"  ore  an  integral  part  of  the 
structure  which  is  highly  resistant  to  breakdown, 

• Evolved  halides  from  thermal  and  flame  exposure 
ore  low  in  "Tefzel",  By  contrast,  flame  retor- 
dants  added  to  rubber,  polyethylene,  polyvinyl- 
chloride (PVC),  and  other  materials  are  inherently 
thermally  unstable.  They  release  halogen  con- 
taining gases  in  high  temperature  exposures  to 
quench  the  flames, 

• Less  "Tefzel"  was  available  to  be  burned  and 
less  was  consumed  using  Identical  flame  exposure 
conditions. 

Results  are  shown  In  Figure  12  for  copper  coupons  ot  the 
top  center  locotion  in  verticol  tests.  Coupons  ot  oil  loco- 
Nons  showed  weight  loss  with  about  the  some  ratio, 
"Tefzel"  versus  the  XLPE-FR,  Damage  to  the  stainless 
steel  was  less  and  all  coupons  to  the  side  of  the  vertical 
trays  sustained  less  damage  than  those  closer  to  the  rising 


column  of  gases  above  the  flame  source. 

Two  other  examples  of  tests  for  corrosive  off-gases 
are  detailed  below; 

Copper  Mirror  Test;  Industry  specifications  often 
call  for  "copper  mirror"  tests  in  which  corrosive 
gases  from  heated  materiols  are  allowed  to  condense 
on  o copper  surfaced  glasr  specimen.  In  a typical 
test,  "Tefzel"  and  "Teflon"  fluorocarbon  resins 
caused  no  discoloration  or  removal  of  copper  at 
175®C  for  16  hours.  By  contrast,  two  widely  used 
rubbers  removed  50  percent  of  f+ie  copper  and  PVC 
took  it  all  off.  Even  at  250®C,  there  was  little  or 
no  copper  removol  with  "Teflon"  fluorocarbon  or 
"Tefzel"  fluoropolymer,  only  slight  discoloration. 
Pyrolysis;  Compered  with  PVC  and  two  other  halo- 
gen containing  plastics,  "Tefzel"  liberated  lower 
detectable  halides  when  heoted  to  400®F  in  air 
(15  ml,7min,)  at  5®C  per  minute  heat  rise.  At 
200“C,  the  PVC  had  evolved  0,1  milligrom  HCI 
hydrogen  chloride  per  gram  of  sample.  By  the  time 
400®C  had  been  reached,  PVC  had  liberated  70 
milligrams  per  grom  (mg,/gm,).  One  of  the  halo- 
gen containing  plastics  yielded  30  mg./gm,  detec- 
»oble  fluoride  ions  and  the  other,  47  mg,/gm,  of 
combined  fluoride  or>d  chloride  ions,  "Tefzel"  ot 
400‘'C  had  liberated  only  1,5  mg,/gm,  detectable 
fluoride. 

There  is  o final  area  of  discussion  thot  Is  important- 
the  distinction  between  stress-crackir>g  which  hos  been 
induced  by  various  halides.  It  Is  widely  documented 
that  chloride  Ions  cause  stress-crocking  In  unsensitized 
austenitic  stainless  steels  even  in  concentrations  os  low 
as  1 part  per  million  (ppm).  By  contrast.  Word,  A^athls, 
and  Staehle^^^  showed  stress-crocking  with  fluoride  ions 
did  not  occur  without  sensitizing  austenitic  stainless 
steel.  They  listed  one  or  more  of  the  following  os  pre- 
requisites to  stress-cracking  with  fluoride  Ions; 

• Tensile  stress,  applied  or  residual; 

• Cold  work,  with  or  without  appreciable  resi- 
dual macro  stress; 

• A crevice; 

• Visible  oxide  film  formed  by  elevated  tempera- 
ture exposure  in  oir. 

They  reported  that  no  attack  occurred  on  annealed  spe- 
cimens and  drew  distinctions  between  the  mode  of  ottack 
with  fluoride  ions  compored  with  chloride  ions, 

Theus  and  Cels^^^  showed  thot  fluoride  ion  stress- 
crocking  of  sensitized  304  stainless  occurs  only  under 
acidic  conditions  and  deper>ds  on  the  conontration 
(their  "open  circuit  potential"  data).  No  cracking 
occurred  with  1 ppm  fluoride  ion  from  pH  of  one  to 
eight.  With  10  ppm,  no  cracking  occurred  above  pH  of 
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0»75«  It  lOok  100  ppm  to  cause  crocking  between  pH  of 
0,75  to  2,5,  and  1,000  ppm  between  pH  of  2,5  to  3.5, 
Above  pH  of  3,5,  even  1,000  ppm  of  fluoride  ions  foiled 
to  cause  cracking.  In  no  case  did  unsensitized  samples 
crock , 

Du  Pont  conducted  similar  studies  as  shown  below; 

• Somples 

• Strip  of  304  stainless  steel  bent  into  a "C" 
and  clomped  in  that  position;  stress  on  ^e 
outside  radius  was  110  percent  of  yield, 

• Sensitized  304  plate  with  weld  bead  deposited 
on  It, 

• Unsensitized  304  plate  with  weld  bead, 

• Conditions 

Thernxjl;  Ropid  rise  to  143®C;  hold  for  17 

minutes;  decline  over  2,8  hours  to  65*C;  hold  at 

65®C  for  seven  months, 

• Environment;  ph  from  2,2  - 9,35;  borated 
solution  (0-2,000  ppm);  fluoride  Ion  concen- 
tration, 0-1,000  ppm  in  water, 

• Results 

• No  cracking  under  ony  conditions, 

• Intefgrof.ulor  attack,  only,  ot  two  of  16  con- 
ditions — and  then  only  on  the  "C"  ring 
(2.2  and  4,2  pH,  1,000  ppm  fluoride  ion,  no 
borate  solution). 

One  last  point:  We  are  not  aware  of  cases  in  which 
fluoride  ions  were  suspected  of  being  a problem  except 
where  chloride  ions  also  were  present.  The  lotter  pro- 
bobly  could  hove  been  the  cause, 

SMOKE 

Results  ore  widely  available  on  various  materials 
tested  according  to  National  Fire  Protection  Association 
(NFPA)  258-T  ("NBS  smoke  chamber"),  the  Rohm  & Haas 
XP-2  chamber,  and  a method  advanced  by  Arapohoe 
Chemicals  Corp,^^^  In  this  paper,  we  concern  ourselves 
only  with  the  relotive  performance  of  various  materiols 
in  a variety  of  tests  using  the  modified  ASTM  E-84  tunnel 
test.  Data  In  Table  6 list  results  for  15-  ar>d  20-minute 
exposures  of  various  insulations  with  values  expressed  os 
percentages  of  the  smoke  evolved  by  a standard  red  oak 
somple  in  the  normal  F-84,  10-minute  test.  Figure  13 
shows  a graphical  comparison  in  one  test  between  "Tefzel" 
fluoropolymer  and  XLPE-FR,  The  area  under  eoch  curve 
was  used  to  calculate  percentages  in  each  case.  As 
shown  in  Table  6,  smoke  produced  by  "Tefzel"  or  "Teflon" 
fluorocorbon  was  considerably  lower  thon  thot  from  the 


other  materials  listed, 

OTHER 

Other  questions  apply  in  the  choice  of 
electrical  insulations  which  hove  r>ot  been  addressed  in 
this  paper.  As  a sidelight,  however,  we  ran  o series  of 
tests  to  study  one  other  performance  characteristic  in 
emergency  situations^  circuit  integrity.  Because  of  their 
bulk  and  cross-linked  nature,  cables  insuloted  with  con- 
ventional rubbers  and  XLPE-FR  show  some  time  delay 
before  electrical  failure  of  conductors  exposed  to  flomes. 
However,  it  is  also  recognized  thot  the  thermosets, 
once  involved,  con  enter  the  "deep  seated"  burning 
mode  in  which  they  exhibit  ofterglow  or  continue  to 
propogate  as  live  embers  even  when  the  fire  source  is 
removed.  Such  behovior  is  distinctly  different  from 
what  we  fourui  in  our  tests  on  "Teflon"  ond  "Tefzel". 

For  example,  in  vertical  fire  tests,  we  found  that 
"Teflon"  and  "Tefzel"  were  domaged  In  the  oreo  of  in- 
tense flame  but,  [ust  inches  above  that,  insulations 
were  functional.  The  total  area  damaged  wos  limited. 
There  was  no  afterglow  to  couse  re-ignition  or  propa- 
gation as  gloving  embers,  ar>d  the  height  of  the  flames 
was  less  than  that  for  XLPE-FR  in  one  set  of  tests 
(Figure  1),  In  the  modified  ASTM  F-84  test,  we  foursd 
that  cables  insulated  with  "Teflon"  fluorocarbon  and 
"Tefzel"  fluoropolymer  burned  in  the  fire  zone  ord 
beyond  to  o distance  of  about  a foot.  Yet,  moterlol 
fully  engulfed  in  fire  os  far  as  3-1/2  feet  past  the  ig- 
niter flame  was  sound,  Doto  reported  by  Sandia 
Loborotories^^^  on  horizontal  filled  troy  test  indicated 
temperatures  of  cobles  involved  in  flames  10-1/2  inches 
obove  the  source  registered  only  300'’F  while  the  flome 
temperature  registered  1800  F,  Mere  exposure  to  fire 
does  not  mean  cables  undergo  damage.  The  severity  of 
exposure,  including  fuel  contributed  by  the  insulotion, 
helps  to  determine  the  extent  of  domoge. 

Another  foctor  in  this  question  is  design.  Critical 
circuits  should  be  duplicated  in  remote  locations  to  pre- 
vent loss  of  function.  Critical  leods  in  o transit  vehicle, 
for  instance,  could  be  damoged  by  collision,  foilure  of 
other  components,  or  vandolism  as  well  as  by  fire.  Re- 
dundant circuits  In  remote  locations  could  pick  up  the 
function.  This  practice  is  widely  used  in  the  design  of 
nuclear  power  plants  as  defined  in  Regulatory  Guides  of 
the  U.5,  Nuclear  Regulatory  Commission, 

Nevertheless,  we  did  some  work  in  this  orea  ond 
had  cables  produced  and  tested  to  demonstrate  extended 
circuit  integrity.  Successful  candidates  had  mica  tapes 
applied  to  the  corwluctors  followed  by  Insulotion  with 
"TeHon"  oi  "Tefzel",  Multi-conductor  cables  were 
then  fabricated  and  jacketed  with  the  same  resin  as  used 
on  the  prirrKsries,  These  cobles  endured  up  to  one  hour 
of  flame  exposure  at  210,000  BTU/br,  In  the  same  ver- 
tical test  described  earlier  (13-1/2  inch  spacir^g). 

Cobles  maintained  circuit  function  even  after  being 
forcefully  struck  and  deformed.  Only  when  a metol 
object  was  rammed  Into  individual  cables  could  shorts  be 
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produced.  These  fests  show  fhat,  where  necessory, 
cables  fhot  combine  expended  circuit  integrity,  the  thin 
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i'lriurt-  I 

Flame  Height 

(NKxIlfit'd  ll-iit-:  i lamo  Test) 


1 I ■ I ■ I ■ I 


KLFt  -Taliar  liM  XCFt  -Tt«l«r  KtFC_ 

2lOOOOBTUr>i  400  000eTUnr  ?IOOOOeTUht  4O0  000  BTU't> 

J Buttfi  Sp^ofiQ  3 Born#-  Sp#C>no  Ij''.  Burn#-  Spacing  20  » Burr»#c  Spacing 

Measurements  shown  were  made  from  the  bottom  o(  the  ladder  tcay 


I igirre  4 


lEKK  383  Test 

<>l  Hcsiilts 


I'ltture  2 

Length  Burned 

(NKHtifioct  iFKt-:  :w;t  I'Uinu'  n-si) 


i_Lh 


nil  III  I 


«L»«  •T*««er  Ktei,  -Tetter  -Tettei-  KLn_  '_iesef 

;iOOOOBTUhr  SOOOOOBTUhr  2IOOOOBTU.hr  400  000BTUh' 

3 Burn#'  Spacing  3'  Burner  Spacing  13'»  Borne*  Spacing  ?0  » Bu*ne*  Spac-ng 


Measurements  shown  were  made  from  the  bottom  of  the 
ladder  tray  and  show  damage  to  primary  insulation 


l•t((ure  A 

Weight  Burned  (Jacket  + Primary) 

iMtKllfU-O  lEKH  ;t«;t  I'liinu-  rest) 


Werght  burned  ««  tbcner*  m thre  greoh  <e  combrr>«d  werght 
lota  ot  p'lmery  t^eulation  and  lecketing  metenat 


I Igtirt'  (t 
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•rueoOOi  c 4e-eoJ  anriernum^ 


I <) 

Filled  Tray  Teal 

14  lb  Wood  Crib  — Tray  Fully  Covered 


Filled  Tray  Teat 

14  lb  Wood  Crib  — Lower  Half  of  Cover  Removed 


ritfiirr  M 

Filled  Tray  Teat 

Damage  to  Cables  During  the  20  Minute  Expoure 


I iMurr  lo 

Filled  Tray  Teat 

Limited  Damage  to  Cables  m Fully  Closed  Tray 


19951  At'imui  •irou/s 


Corrosion  (Modified  IEEE  383  Flame  Test) 

(C;opp«T  Hx[m>sccI  io  offgases  from  ifurniti)(  Insiilafion) 

rThe  corrosion  data  shown  here  were  obtained  from  the  copper 
coupon  in  the  top  center  position  (position  2.  Figure  11) 


TMtsT  ILW  -T»r»sr  IL^  -TstwT  Kft  TTMtsT 


TOOODOBTuri'  400  000STUl'r  JlOOOOBTuri'  «00  000  *>• 

3 Burn*'  Spscng  3 Bu"«f  Spacing  Burn*' Sp«C-ng  ?0  i Bu'n*' Spacing 


TahU*  I 

Hfferts  of  Designing  Arouiul  Materials 

Properties  to  Lower  Fuel  Load 


Telzel”  Typical  XLPE 


Conductor  size.  AWG 

12 

10 

Number  of  19/C  cables  in  tray 

36 

36 

Conductor  ampacity,  amperes 

7.5 

6.2 

Comparative  cross  section  area 

40% 

100% 

Comparative  weight 

54% 

100% 

Weight  of  insulation  * jacket 

Ibs./tt.  of  tray 

4.56 

12.35 

kg./m.  of  tray 

6.82 

18.6 

Fuel  value  BTU/lb. 

6.100 

14.000' 

MJ/kg. 

14.2 

32.6 

Fuel  contributed  BTU/tt.  of  tray 

27.800 

172.900 

MJ/m.  of  tray 

96.3 

598.8 

Comparative  fuel  contribution 

16% 

100% 

‘Typical  fire  retardant  XLPE  estimated  at  about  2/3  fuel  value  of 
unadulterated  polyethylene 

This  "equal  ampacity"  case  is  based  on  calculations  using  the  method 
of  IPCEA  54-440  second  edition  and  NEMA  WC  51-1975 


l.ittU-  j 

l(‘sts<  oiuku  lc<l  S<*plfinlMT  27  2M.  I*»7<» 

Cables  Insulated  with  “Tefzel"  Fluoropolymer  and  XLPE  FR 


Vertical  Test  (Mod>l>ea  >kEE  363  8 tool  open  vertical  tray 
placed  in  a corr>er  one  loot  from  eacri  wall) 


Flam* 

InMnaHv.  STU''hr. 

Tray  Aung* 
Facing 

Sumar-to- 

TrayDlatanca 

Cemmant 

210000 

To  Fire 

3 

Flames  blasted 
through  cables 

210.000 

Away  From 
Fire 

13V 

Hottest  part  of 
flame  applied  to 
cables 

400.000 

To  Fire 

3" 

Flames  blasted 
through  cables 

400.000 

Away  From 
Fire 

20’y 

Hottest  part  of 
flame  applied 

to  cables 

Horliontal  Teel  (Mo«fte4  ASTU  £-64  Tunnel  Teal) 

• 300.000  BTU^hr  diffusion  gas  flame 

• Cables  spaced  one-half  cable  diameter  apart 

• Method  and  apparatus  per  reference  (1) 

• Test  duration  20  minutes 


l-iftiirc  I.) 

Graphical  Illustration  of  Smoke 


Produced  In  Modified  ASTM  E-84 
Tunnel  Test 
September  20,  I076 


Table  3 

MfKiifiecI  ASTM  E-H4  Tunnel  Test 

20  Minute  Flame  Exposure 


Flame  spread,  maximum  in 

20  minutes,  ft. 

“TefteT 

XLPE-FR 

Total  distance  burned,  ft. 

8 

22 

Burner  flame  length,  ft. 

4'/i 

Flame  spread,  feet 

3'/i 

17'4! 

Total  amount  of  cable  damaged, 

including  any  continued  burning 
after  20  minutes,  ft. 

9* 

25 

(completely 

consumed) 

Maximum  outlet  temperature 

including  time  after  20 
minute  period 

480°  F 

800°  F 

So  abaotut*  tcaia  anata  to*  •moiia  mtanatty  fo*  purpoaaa  of  companann  in*  rM  oan  aiandari 
rt  aitown  Nota  ihal  rad  oak  laai  la  diacont<nuad  attar  to  m>nutaa 


'Damage  to  lacket  Primaries  intact  at  about  oire-half  to 
ona  foot  past  igniter  flame  No  continued  flaming  or 
afterglow  after  igniter  flame  extinguished 
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1 riblr  4 

ASIM  luiwu‘1  Tests 

15  Minute  Flame  Exposure  Tests  and  Results 


CaMt 

NMIwe4f  0« 

CaMM  m 

Flama 

Spacine  - 

laasaattM 

JMiwt 

O.D 

Tail 

teraad 

CaMt 

Fira 

Tima  of 

Rraaourca 

Teflon-  FEP 

"Teflon"  FEP 

10  6mm 

9 

30  ft 

Taat 

Eieaaura 

iourca 

Eipeaura 

of  Tray 

llaaum 

( 425  in  ) 

12 

4 5 ft 

1 

Tray  Covered 

22.4  lb. 

25  min. 

2" 

No  damage  to  cables 

16 

4 5 ft 

24 

30ft 

2 

Bottom  6' 

22  4 lb. 

20  min. 

2" 

Slight  scorching  of 

Polyethylene 

Polyvinyl 

12.2mm 

6 

19  5 ft 

of  cables 

Cables  in  front  row 

Chloride 

( 460  in  ) 

6 

19  5 ft 

Uncovered 

9 

19  5 ft 

12 

19  5 ft 

3 

Bottom  6' 

14  lb 

20  min 

Source 

Cables  extensively  damaged 

Polyvinyl 

Polyvinyl 

7 87mm 

6 

ie5ft 

of  Cables 

Against 

within  tray  to  41"  height 

Chloride 

Chloride 

( 310  in  ) 

9 

19  5 ft 

Uncovered 

Tray 

except  for  nine  cables 

12 

195  ft 

along  right  sideraii  intact 

24 

195ft. 

above  16" 

36 

19  5 ft 

Silicone 

Silicone 

11.4mm 

6 

19  5 ft 

4 

T ray  Covered 

14  lb. 

20  min 

Source 

Cables  in  contact  with  cover 

Rubber 

Rubber 

( 450  m ) 

9 

Against 

damaged  to  about  16" 

12 

19  5 ft 

Tray 

height,  others  undamaged 

18 

19  5 ft 

Polyvinyl 

Polyvinyl 

10  2mm 

6 

195ft 

Chloride 

Chloride 

( 400  in.) 

9 

195ft 

12 

195ft 

18 

19  5 ft 

Polyvinyl 

"Teflon"  FEP 

9 53mm 

6 

175ft 

Chloride 

( 375  in  ) 

9 

195ft 

12  19  5 ft 

18  I95n 


Reference  Material 

Red  Oak  (10  minute  exposure)  19  5 ft 


l able  r>A 

Full  Tray  Fire  Tests  at  Southwest  Research  Institute. 

San  Antonio,  Texas  on  March  9 4 10,  1077 

S«hip:  Vertical  tests:  trays  one  foot  from  each  wall  in  a 
corner  location. 

Traya:  Galvanized  steel,  solid  back  and  sides  with  cover. 

4"  X 12"  X 12’  high.  Silicone  fire  stops  were  foamed 
in  place  at  top  and  bottom  to  simulate  penetrations 
through  floor  and  celling. 

Cables:  202  7/C  #14AWG  conductors  (40%  fill) 

Insulation:  10  mils  of  "Tefrel"  fluoropolymer 
Jacket:  20  mils  of  "Tefzel"  fluoropolymer 
Fire  Source:  VKood  cribs  ignited  with  ethanol.  The  22.4  lb. 
source  closely  duplicated  burning  debris  typical  of  that 
in  nuclear  facilities  (gloves,  clothing,  masks,  etc., 
used  in  radiation  areas).  The  14  lb.  source  was  more 
energetic  being  constructed  of  smaller  lumber  elements. 


Table  A 


M(Ktlflr<t  ASTM  K H4  Tunnel 

Tests 

Results 

on  Smoke 

IS  Mlmit*  Eipowir*  Oatt 

liumberef 

C«M* 

CaWMin 

imofca 

iniufaMan 

Jaeket 

OJD. 

Taal 

Fader 

"Teflon"  FEP 

• Telloo  ' FEP 

9 

41  9 

425  in 

12 

55 

16 

109 

24 

224 

Polyethylene 

Polyvinyl 

460  in 

6 

1500 

Chloride 

6 

1386 

9 

1745 

12 

1669 

Polyvinyl 

Polyvinyl 

6 

449 

Chloride 

Chloride 

310  in 

9 

12 

24 

823 

1042 

1772 

36 

2119 

Silicone 

Silicone 

6 

1822 

Rubber 

Rubber 

450  in 

9 

2016 

12 

616 

16 

1942 

Polyvinyl 

Chloride 

Polyvinyl 

Chlonde 

400  in 

6 

9 

12 

16 

719 

1056 

1461 

1535 

Polyvinyl 

■TEFLON" FEP 

.375  in 

6 

461 

Chto'ide 

9 

699 

12 

665 

16 

1112 

Reference  Material 

Red  Oak  (to  minute  exposure) 

100 

MMfmiteDete 

"Tefiel" 

"Tetiel" 

0.510 

6 

350 

XLPE-FR 

xlpe-fr 

0690 

6 

1500 
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/*  BST  /i/i  CT 

Ihe  Ohio  State  Release  Rate  Apparatus 
has  been  modified  so  that  simultaneous 
m e a s u r e m e fi t of  heat,  flame  spread,  smoke, 
toxic  and  corrosive  gases  and  circuit  in- 
tegrity are  possible. 

Pata  from  the  release  rate  apparatus 
collected  over  a range  of  heat  fluxes  have 
been  used  in  conjunction  with  simulation 
of  the  Steiner  Tunnel  lest  to  predict  the 
behaviour  of  cables  in  the  tunnel.  1 li e 
results  of  the  simulation  h a e been  com- 
pared with  actual  tests  in  the  tunnel. 


Within  the  cable  industry,  committees 
have  been  set  up  to  evaluate  the  response 
of  wires  and  cables  to  fire,  working  with 
the  primary  emphasis  on  flame  spread, 
smoke,  toxic  and  corrosive  gases  and  cir- 
cuit integrit)’. 

Because  of  the  need  for  more  severe 
flame  spread  tests,  large  scale  tests  have 
now  been  developed  in  many  countries.  All 
but  one  of  those  known  to  the  authors  are 
vertical  tests  using  several  cables  and  a 
large  heat  source  together  with  natural 
ventilation.  The  exception  is  the  method 
for  testing  cables  in  the  Steiner  Tunnel-^ 
which  is  a horizontal  test  using  forced 
ventilation. 

There  are  important  differences  in  the 
vertical  tests,  making  comparison  diffi- 
cult. The  cables  are  mounted  in  an  open 
room,  or  in  a special  enclosure.  The  en- 
closure may  be  thermally  insulated  or 
conducting.  The  ignition  sources  vary 
from  electrically  heated  furnaces  with 
piloted  ignition  to  propane  gas  or 
alcohol,  the  test  temperatures  vary  from 
600-900C,  the  calorific  input  from  the 
sources  differ,  and  the  test  times  vary 
from  15  to  60  minutes.  Even  the  quanti- 
ties of  cable  per  test  vary  as  do  the 
pass/fail  criteria. 


Ohio  State  University 
Co  1 umbus , Ohio 


A weakness  of  these  tests  is  that 
they  were  designed  to  measure  only  flame 
spread,  even  though  the  Steiner  Tunnel 
can  measure  smoke.  None  of  the  tests 
have  methods  for  toxic  and  corrosive  gas 
analysis.  Methods  to  measure  smoke  and 
some  gases  are  available,  but  these  tests 
were  designed  as  research  and  quality 
control  tools  for  relative  ranking  of 
materials  under  defined  conditions  and 
could  be  misleading  if  related  to  the 
large  scale  test. 

In  this  paper,  we  are  making  a fresh 
approach  to  the  problem  of  cable  flamm- 
ability. It  is  shown  that  release  rate 
data  may  be  used  to  model  large  scale 
tests  such  that  one  set  of  data  can  be 
collected  and  used  to  simulate  any  large 
scale  test.  As  an  example,  the  Steiner 
Tunnel  Test  has  been  modelled  and  the 
results  from  the  computer  simulation  com- 
pared to  actual  tests.  The  technique  is 
not  limited  to  flame  spread  alone;  smoke 
an  1 various  gases  are  included  in  the 
s i mu  1 at  ion. 

THE  LEASE  RATE  AFFABATVS 

In  the  1975  I.W.C.S.  paper,  "Fire 
Hazard  Evaluation  of  Cable  and 
Materials"-,  the  method  for  testing  wires 
and  cables  in  the  Ohio  State  University 
Release  Rate  Apparatus  was  described.  The 
cables  could  be  tested  for  flame  spread, 
heat  release  and  smoke. 

Referring  to  Fig.  1,  the  apparatus 
consists  of  an  environmental  chamber  which 
has  a constant  flow  of  air  passing  through 
it.  The  radiant  panel  is  adjustable  over 
a range  of  heat  fluxes  to  give  the 
necessary  exposure  to  the  sample  under 
test.  The  change  in  temperature  and 
optical  density  of  the  air  leai^ing  the 
apparatus  is  measured,  and  from  these  the 
rates  of  heat  and  smoke  release  are  cal- 
culated . 

For  testing  cable,  the  sample  is 
mounted  in  the  holder  and  positioned  ver- 
tically so  that  the  small  pilot  flame  can 
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FIG.  1 SCHEMATIC  OF  RELEASE 
RATE  APPARATUS 

impinge  on  its  bottom  surface.  The  test 
can  be  performed  without  the  pilot  flame, 
with  the  pilot  flame  at  the  bottom,  or 
with  the  pilot  flame  together  with  another 
small  flame  at  the  top  to  burn  off  ignit- 
able  gases.  All  three  types  of  test 
obviously  give  different  results  and  are 
required  for  different  evaluations.  (For 
detailed  descriptions  of  the  basic 
apparatus  and  its  operation,  and  method 
of  test  for  cables  .ee  Refs.  1,  2 and  3). 


Gas  Analiisis 

The  capabilities  of  the  release  rate 
apparatus  have  been  extended  with  the 
addition  of  methods  to  analyse  hydrogen 
chloride  and  total  acid  gases,  nitrous 
oxides  and  carbor  monoxide  during  a test. 

A dual  system  is  presently  employed 
for  acid  gas  analysis  based  on  the  use  of 
specific  ion  electrodes.  The  first 
system  records  HCl  rate  of  release  and  the 
second  system  records  the  total  acidity 
of  the  gases  evolved.  The  two  systems  are 
identical,  except  for  the  specific  ion 
electrode,  and  only  ♦■he  HCl  method  is 
described  here  (Fig.  2). 


The  specific  ion  electrode  has  been 
adapted  to  a F i sh er -Mi  1 1 i g an  bubbler  and 
a specific  ion  meter  is  used  to  monitor 
Q.2%  of  the  stack  gas  from  the  release 
rate  apparatus.  A small  ministatic  pump 
and  flow  meter  maintain  a constant  air 
flow  through  the  system.  The  feed  is  a 
length  of  1/4"  Teflon  tube,  with  a 1/8" 


bore  which  is  inserted  into  the  top  of 
the  inner  chimney  of  the  release  rate 
apparatus.  The  tube  is  centred  and  fixed 
in  position. 

The  volume  of  liquid  in  the  bubbler 
is  274  ml,  chosen  so  that  with  the  flow 
condition  set  at  0.2%  of  the  stack  gases, 
the  system  is  direct  reading,  i.e. 
Normality  x 10  = g.  of  HCl  in  the  bubbler. 
Dividing  by  2 and  adjusting  the  decimal 
point  makes  the  system  direct  reading  in 
grams  of  HCl  produced  during  the  test.  In 
order  to  be  able  to  read  the  HCl  generated 
at  the  start  of  the  test,  or  when  levels 
are  so  low  that  they  are  beyond  the 
detection  level  of  the  electrode  system, 

5 X lO'S  N MCI  is  used  in  the  bubbler. 

This  acts  as  a starting  solution  and 
enables  the  monitoring  of  the  total  HCl 
generated.  It  also  gives  a very  con- 
venient calibration  before  every  run. 


I : M I.  sn  (MU  lov 


FIG.  2 HCl  DETECTION  SYSTEM 


Tests  performed  indicate  that  because 
of  the  small  sample  tube  and  relatively 
high  flow  rate,  the  line  is  essentially 
self  heating  and  minimal  loss  or  delay  of 
HCl  due  to  condensation  or  absorption 
occurs  before  the  gas  is  measured  by  the 
sensing  apparatus.  It  has  also  been  shown 
that  results  from  this  method  compare  very 
well  with  results  using  a combustion  boat 
in  a tube  furnace . 

The  second  system  measuring  total  acid 
gas  uses  the  same  Teflon  tube  and  results 
are  expressed  in  change  of  pH,  equivalent 
normality  of  HCl  or  grams  per  square 
metre  of  sample  area. 

The  total  nitrogen  oxides  present  in 
the  gas  stream  are  analyzed  using  a com- 
mercial nitrogen  oxide  chemiluminescence 
analyzer  (NO/NOj^)  , Sampling  in  the 
chamber  is  made  using  the  same  Teflon  tube 
used  for  the  HCl . 
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A c ummc  r c i a 1 I y ,t\ailabic  electro- 
chemical type  carbon  monoxiJe  analyzer  is 
used  t‘or  measurement  of  the  carbon 
monoxide  jias  durinji  the  test.  A similar 
Teflon  tube  is  positioned  w i 1 1\  its  end 
.1  u s t inside  the  exit  stack  of  the  r e 1 e a s e 
rate  apparatus,  I'ua  I ranges  on  the 
analyzer  of  U to  J.'O  and  0 to  2,000  ppm 
are  required,  tlie  higlier  range  being  most 
d e s i 1*  a b 1 e f r c a I W e s subjected  to  h i g li 
Ii e at  f I u X e s . 

liltering  systems  to  eliminate  soot 
are  important,  but  must  be  applied  at 
different  points  for  the  different  gases, 
lor  I (Cl  and  acid  gases,  the  bubblers 
r e c e i v e u n f i It  e r e d combust i o n product  s 
and  a combination  water  trap,  fibreglass 
filter  and  indicating  grade  silica  gel 
d r V'  i n g towers  treat  the  gases  prior  to 
their  j)  a s s a g e through  the  m i n i s t a t i c 
pumps  and  flow  meters.  The  sample  line 
to  the  NO^  meter  has  rough  fibreglass  and 
5 micron  disc  filters  prior  to  the  gases 
entering  the  meter.  The  carbon  monoxide 
meter  is  similarly  protected  with  filters. 


u t r : zut  ‘ K f : 


T he  release  rat  e a p p a r a t u s now 
monitors  the  rate  of  product  ion  of  four 
gases  as  well  as  simultaneously  recording 
other  flammability  properties.  Thus  a 


A - COMPUTliK  CONSOLi: 


large  amount  of  data  is  generated  which 
must  be  processed,  and  reported  in  terms 
which  can  be  interpreted  as  meaningful 
results.  The  addition  of  analysis 
apparatus  to  the  system  to  monitor  other 
gases  will  produce  further  complications 
to  t li e point  where  the  analysis  of  the 
data  would  require  considerably  more  time 
than  the  test  itself. 

for  this  reason  a m i n i - c omput e r sys- 
tem has  been  added  to  the  apparatus.  It 
contains  a dual  floppy  disc  memory 
facility  and  is  programmed  to  enable  the 
computer  to  use  on-line  data  from  moni- 
toring transducers  on,  or  associated  with, 
the  release  rate  apparatus.  At  present, 
the  data  is  stored  from  six  channels  with 
provision  for  up  to  ten  additional  input 
channels  as  the  systems  are  developed. 

Data  is  sampled  from  every  channel 
every  half  second  and  the  average  values 
are  stored  every  tlirce  seconds.  Correct- 
ion factors  arc  now  applied  to  the  smoke 
results  using  the  instantaneous  heat 
readings  to  correct  for  both  the  constant 
error  caused  by  heat  from  the  radiant 
panel  and  the  variable  effect  of  heat 
released  from  the  burning  sample. 

The  computer  integrates  data  from 
channels  whose  signals  are  proportional 
to  the  rates  of  release.  It  reports  these 
as  totals  at  discreet  time  inter \'als, 
maximum  rates  of  release,  and  times  at 
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FIG.  3 
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which  these  occur.  For  channels  whose 
signals  arc  proportional  to  those  total 
amounts  collected  (e.g.  HCl,  pH),  the 
system  will  differentiate  the  results  and 
report  rates  of  release  and  maxima,  and 
total  time  periods  selected.  Other 
reports  are  generated  which  present  the 
data  in  forms  suitable  for  modelling  other 
tests. 

Cii*ou.it  Intt.aritn  Test 

During  flammability  studies  of  cable 
using  the  release  rate  apparatus,  samples 
are  subjected  to  simulated  testing 
ranging  from  extreme  service  conditions 
(75C)  to  fully  developed  fire  situations 
(600-700C).  To  be  able  to  study  the 


CIRCUIT  INTEGRITY  CABLE  SAMPLE  IN 
RELEASE  RATE  APPARATUS 


effect  these  liave  on  the  circuit  in- 
tegrity of  the  cables,  the  apparatus  has 
been  modified  to  allow  connections  to  be 
made  to  the  ends  of  the  conductors  of  the 
cables  under  test.  The  general  arrange- 
ment is  shown  in  Fig.  4,  but  the  actual 
physical  placement  of  the  cable  in  the 
sample  holder  will  depend  on  the  size  of 
the  cables . 

In  the  example  shown,  the  cable  is 
about  1 cm  diameter.  It  is  bent  through 
180°  alternatively  left  and  right  and 
placed  in  the  holder  with  the  connecting 
ends  protruding  to  the  rear.  These  ends 
are  placed  through  holes  made  in  the 
corners  of  the  holders,  and  through 
corresponding  holes  in  the  pressure  back 
plate.  The  bared  conductor  ends  arc 
divided  into  two  groups,  bound  with  wire 
and  connected  to  corrosion  resistant 
Teflon  covered  leads  which  pass  through 
air-tight  holes  drilled  in  the  uter  door, 
to  a 6-volt  buzzer  circuit.  The  time  from 
the  start  of  the  test  to  buzzer  ringing  is 
a measure  of  circuit  integrity. 

The  system  gives  reasonably  repeatable 
results  and  is  sufficiently  discriminating 
to  detect  changes  in  cable  design.  It  in- 
dicates the  time  that  a cable  would  remain 
serviceable  in  the  type  of  fire  situation 
correspond i ng  to  the  heat  flux  used  in  the 
test  . 

As  an  example  of  its  use,  a study  was 
made  on  cable  models  with  heat  barrier 
tape  and  HCl  scavenger  powder.  The  tests 
were  carried  out  at  20  kW/m^  (approxi- 
mately 500C  at  the  cable  surface),  and  the 
results  arc  shown  in  Table  1. 


RliSULTS  FROM  CIRCUIT  INTEGRITY  TEST 


CABLE  TYPE 

TIML  TO  FAILURE 
(secs.) 

Standard  Inside  Cable 

104 

With  Heat  Barrier  Tape 

158 

With  HCl  Scavenger 

70 

THE  RELEASE  RATE  APPARATUS  AND  LARGE 
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t phase 
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1 e 0 f p 

ass  i ng 

sea 
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e test 

This  is  similar  to  the  I . 1: . E , B . 383  test 
hut  is  carried  out  in  a smaller  room  with 
a narrower  cable  mountinj*  rack.  The 
burner  size  is  the  same  at  70,000  BTU/hour 
(20.5  kK).  A significant  reduction  in 
smoke  and  corrosive  gases  was  also  a goal. 

Cables  were  manufactured  with  experi- 
mental compound  and  tested  in  the  release 
rate  apparatus  using  the  lower  pilot  flame 
only.  Typical  results  are  shown  in 
Table  2 from  which  it  was  concluded  that 
sufficient  improvement  had  been  made  to 
warrant  large  scale  testing.  When  tested, 
the  standard  inside  cable  burned  very 
quickly  to  the  top  of  the  cable  rack  (see 
Fig.  5).  The  improved  cable  only  burned 
450  mm  (18*')  above  the  point  of  flame 
impingement  (Fig.  6)  and  was  considered 
a good  pass. 


TABLE  2 


COMPARATIVE  DATA  FROM 
felilliASl;  RAIL  APPARATUS 


PROPERTY 

CABLE  A 

CO 

CABLE  B 
(’O 

Heat  Release 

100 

63 

Flame  Spread  Time 

100 

270 

Ignition  Time 

100 

600 

Acid  Gas 

100 

50 

Smoke 

100 

56 

Carbon  Monoxide 

100 

100 

Samples  of  these  cables  were  then 
tested  in  the  Steiner  Tunnel  by  the  method 
described  in  Ref.  (6).  Both  cables  burned 
to  the  end  of  the  tunnel,  although  the  new 
cable  had  a longer  time  to  total  involve- 
ment. Disturbing  was  the  fact  that  the 
improvements  in  smoke  predicted  from  the 
release  rate  apparatus  were  not  found  in 
the  Steiner  Tunnel  Test. 

These  results  led  to  a study  of  the 
variables  involved  in  large  scale  testing 
and  the  feasibility  of  using  data  from  the 
release  rate  apparatus  to  accurately 
predict  the  results  of  testing  in  large 
scale  facilities  by  means  of  mathematical 
simulation. 

Application  of  Release  Rate  Data 

A developing  fire,  whether  it  be  a 
room  fire  or  a cable  test,  can  be  con- 


sidered an  unsteady  state  chemical  re- 
action system.  As  is  the  case  in  this 
type  of  reaction  system,  it  can  be 
analyzed  using  basic  chemical  reaction 
rate  data  for  the  burning  materials  and 
physical  reaction  rates,  i.e.  heat  and 
mass  t ransfer . 

It  may  be  assumed  that  hazard  levels 
which  are  present  in  a real  fire  arc  in- 
dicated by  concentration  vs.  time  in- 
formation for  heat,  smoke  and  toxic  and 
corrosive  gases.  Since  the  concentra- 
tions which  develop  in  an  unsteady  state 
system  arc  dependent  on  both  rate  and 
quantity  of  heat,  smoke  and  gases  re- 
leased, the  release  rates  are  important 
information  needed  to  analyze  a fire 
system. 

Methods  for  obtaining  these  release 
rate  data  and  their  use  for  predicting 

performance  of  materials  and  products  in 
real  fire  situations^  have  been  described 
elsewhere.  Before  illustrating  the  appli- 
cation of  these  release  rate  data,  two 
points  should  be  emphasized: 

1)  Release  rates  are  a function  of 
exposure;  there  is  no  single 
release  rate  that  is  character- 
istic of  a material. 

2)  Release  rate  data,  using  the  Ohio 
State  University  Release  Rate 
Apparatus  and  suggested  operating 
procedures  are  obtained  at  a 
number  of  well-defined,  constant 
exposures . 

These  exposures  do  not,  nor  are  they  in- 
tended to,  simulate  a "real"  fire  ex- 
posure. To  determine  performance  of  a 
material  in  a real  fire,  its  release  rate 
over  a range  of  exposures  is  needed  from 
which  its  performance  can  be  predicted  if 
the  exposure  generated  by  the  fire  is 
known.  In  other  words,  the  performance 
of  a product  in  a real  fire  depends  both 
on  its  release  rate  characteristics  and 
on  the  fire  system  in  which  it  is  found 
since  both  contribute  to  the  conditions 
to  which  it  is  exposed. 

It  is  to  this  latter  point  that  math- 
ematical simulation  (modelling)  of  fire 
systems  is  directed.  The  relationship  of 
an  item  to  its  surroundings  requires  that 
the  interdependence  of  each  item  in  a fire 
system  be  considered  and  the  individual 
contributions  be  integrated  to  predict 
their  exposure  conditions. 

The  Steiner  Tunnel  Test  can  be  used 
to  illustrate  the  point.  The  burner 
generates  an  exposure  which  will  ignite  a 
combustible  sample.  As  the  sample  burns, 
it  releases  heat  at  a rate  characteristic 
of  the  sample  and  exposure.  The  heat 
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sample  and  is  ceoleJ  by  eojjveilion  aijJ 
r a d i a t i o !i  losses  to  t li  e s u r i*  y u n J i n g walls 
Gas  B is  air  only,  heated  from  surround- 
ing walls.  At  each  lengtli  element  an 
amount  of  H is  shifted  into  \ as  calcula- 
ted by  an  entrainment  eqtiatio/i.  It  u.js 
assumed  tliat  all  metliane  burns  mi  the 
t'  i r s t 0 0 0 mm  [2  feet)  of  the  tunnel;  4 3 ‘I 
in  tlie  first  130  mm  (0.3  foot)  and  20,  20 
and  13"  in  subsequent  ISO  mm  (0.5  foot) 
sect  ions. 


released  by  the  sample'  and  burner,  minus 
that  a b s o r l> e d b >•  the  walls  of  the  t u n n e I 
and  sample,  raises  the  temperature  of  the 
gases  flowing  down  the  tunnel,  thereby 
changing  the  exposure  to  which  the  down- 
stream portion  of  the  sample  is  exposed. 
Thus,  exposure  conditions  are  developed  by 
both  the  burner  and  the  sample,  and  tlie 
key  to  the  enhanced  exposure  is  the  rate 
at  which  heat  is  released  by  tlie  sample. 
Amounts  of  smoke  and  gases  leaving  the 
tunnel  are  also  a function  of  the  release 
rate  of  smoke  and  gases  from  the  sample. 

By  using  a computer  to  make  heat  and 
material  balances  over  incremental  lengths 
of  the  tunnel,  temperatures  of  gas  and 
walls  can  be  calculated  in  each  length 
increment  as  a function  of  time. 


A })  p r o p r i a t e v i e w t'  actor  a lul  flam  e 
e m i s s i V i t i e s were  used  to  calculate  the 
radiant  lieat  interch.inge  from  flame  to 
the  walls,  and  from  walls  to  the  .‘Sample 
A combined  radiant  and  coiuective  he.M 
Transfer  coefficient  for  the  upper  and 


FIG.  5 VFRTICAL  TFST  - SIANUARD  CABl.i: 


FIG.  6 \LHTICAL  TFST  - IMPROVID  CAKLF 


lower  sections  of  the  tunnel  was  deter- 
mined and  used  for  calculating  heat  flux 
to  the  "upper"  and  "lower"  walls.  From 
this  heat  flux,  the  wall  surface  tem- 
perature and  temperature  gradient  into 
the  walls  were  calculated  using  the 
Schmidt  method  as  referenced  in  McAdams^ 
for  unsteady  state  heat  transfer. 


Modellinj  the  Steiner  TukkcI  _'a}  le  Test 


Basic  assumptions  made  in  modelling 
the  tunnel  were:  Air  flow  through  the 
tunnel  is  divided  into  two  parts,  A and 
B.  The  upper  layer,  Gas  A,  includes  the 
combustion  gases  and  smoke.  This  gas  is 
heated  by  the  heat  released  from  the 
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TEMP 


not  yet  "fine  tuned".  For  e^cample,  only 
coarse  adjustments  have  been  made  for  the 
relative  effect  the  thermal  diffusivity 
of  walls,  the  heal  capacity  of  sample,  and 
the  entrainment  of  Gas  B into  Gas  A have 
on  the  temperature  distribution  in  the 
upper  section  ot  the  tunnel.  Hffect  of 
oxygen  concentration  on  release  rates  has 
been  virtually  ignored.  Results  thus  far 
are  preparatory  and  are  presented  to 
illustrate  concepts  and  techniques  used 
in  applying  release  rate  data  to  modelling 
cable  tests  in  the  Steiner  tunnel. 

Appl.  inQ  the  Model 

Performance  in  the  tunnel  test  was 
predicted  for  four  types  of  communications 
cable.  Data  was  collected  from  the 
release  rate  apparatus  over  a range  of 
heat  fluxes,  using  both  the  pilot  and  the 
upper  flame.  This  data  was  prepared  in 
the  form  required  for  use  in  the  model  and 
the  programme  run.  The  calculated 
(predicted)  performance  for  time  to  total 
involvement  is  compared  in  Table  3 to  that 
observed  in  tests  performed  by 
Underwriters  Laboratories  Inc.,  Northbrook, 
1 1 1 inoi s . 


COMPARISON  OF  PREDICTED  AND 
OBSERVED  PERFORMANCE 


.1 l Njo 


ii'tt  (Mranis) 


TIME  TO  TOTAL  INVOLVEMENT 


FIG.  10  SMOKE  RELEASE 


volved,  smoke  evolution  as  indicated  by 
"Smoke  Contributed"  values  from  the  tunnel 
test  have  little  significance.  The 
model’s  prediction  of  smoke  concent  rat  i > ■' 
illustrates  the  advantage  of  using  Opti 
Density  rather  than  % Transmission  for 
monitoring  snoke  produced.  Significant 
differences  in  smoke  produced  by  different 
cables  are  indicated  by  integration  of 
smoke  concentration  (optical  density) 
curves.  These  differences  are  not  shown 
when  smoke  is  monitored  by  % Transmission. 


CABLE 

DESIGNATION 


CALCULATED 

(MINUTES) 


OBSERVED 

(MINUTES) 


Snoke  and  toxic  gas  produced  in  the 
nnel  test  can  be  predicted  by  the  model 
H.4VIC  rclca.-e  rate  data  are  available, 
r : r«*di>;ted  smoke  and  carbon  monoxide 
n rn'rition  in  the  exhaust  gas  from  the 
t-.r  ' able  B arc  shown  in  Figures  10 
release  rates  were  not 
• #j  ff>r  oivgcn  concentration  and 
* g ion  Throughout  the  tunnel 
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FIG.  11  CARBON  MONOXIDE  GAS  RELEASE 


Ir  ^nokc  from  this  type 
thr  \ Tr.in’imission  of 

g.i-^  to  very  low 
’ ’w.'  ..^hlr  becomes  in- 


The  model  is  also  useful  for  pre- 
dicting the  effect  changes  in  testing 
procedures  will  have  on  cable  test 
results  and  for  predicting  how  the  changes 
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The  moJel  can  be  used  to  find  basic 
flammability  criteria  needed  to  meet 
specific  performance  levels  in  the  Steiner 
tunnel  test.  For  example,  the  heat 
release  rate  characteristics  for  a cable 
that  i 1 1 have  a desired  Fl-me  Travel 
Distance  can  be  estimated.  Three  charac- 
teristics of  the  cable  must  be  considered: 

1)  The  minimum  incident  heat  flux 
before  the  cable  will  release 
heat  (burn). 

2)  The  rate  and  amount  of  heat 
released  at  flux  levels  above 
the  min i mum . 

3)  Minimum  flux-time  product  for 
the  cable. 

If  a cable  releases  heat  at  a 
negligible  rate  after  it  becomes  involved, 
the  heat  flux  at  any  distance  down  the 
tunnel  after  a 20-minute  blank  run  re- 
presents the  minimum  incident  heat  flux 
the  cable  must  withstand,  so  that  it  docs 
not  become  involved  beyond  that  point. 

A flame  length  of  four  feet  b e >•  o n d the 
point  of  involvement  was  assumed. 
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At  a distance  of  5.5  feet  in  a blank 
run,  the  incident  heat  flux  on  a sample 
after  20  minutes  was  calculated  to  be 
approximately  30  kW/m^.  In  other  words, 
for  the  cable  to  have  a Flame  Travel 
Distance  under  five  feet  (flame  reaching 
to  9.5  feet),  the  cable  should  not  burn 
when  exposed  to  a heat  flux  of  30  kW/m^ 
and  release  negligible  heat  at  heat  flux 
above  30  kW/m2. 


Most  cables  will  have  a significant 
rate  ot  heat  release  when  involved  so 
that  the  heat  flux  vs.  distance  distri- 
bution in  the  tunnel  will  change,  re- 
quii'ing  a higher  level  of  resistance  to 
burning  to  meet  the  same  Flame  Travel 
Di stance  rat i ng  . 
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While  the  shape  of  the  release  rate 
vs.  heat  release  curve,  the  total  heat 
release,  and  flux-time  product  should  be 
considered  (and  are  in  the  model),  approx- 
imate criteria,  based  on  only  minimum  heat 
tlux  and  an  a\'erage  heat  release  rate  have 
been  listed  in  Table  4.  The  criteria  are 
for  two  cables,  X and  V,  one  which  has  a 
negligible  heat  release  rate  and  another 
which  has  an  average  heat  release  rate  of 
55  kW/m-. 


CO.\'CLUSIONS 

A test  method  is  available  which  can 
measure  simultaneously  all  of  the  flam- 
mability properties  required  over  the 
range  of  heat  fluxes  found  in  a fire.  By 
suitable  modelling  techniques,  it  has 
been  possible  to  use  the  data  collected 
from  the  release  rate  apparatus  to  predict 
flame  spread  in  the  Steiner  Tunnel. 
Simultaneously  determined  is  the  amount 
of  smoke  and  gases  generated  during  the 
test. 

Tliese  same  basic  release  rate  data 
can  be  used  to  model  other  types  of  cable 
tests.  The  approach  is  similar,  i.e.  the 
contribution  the  sample  under  test  makes 
to  tlie  conditions  to  which  the  sample  is 
exposed  is  obtained  from  release  rate 
information.  But  the  physical  description 
of  other  test  systems  would  require  modi- 
fication of  this  model  for  calculating 
heat  and  mass  flows  within  and  out  of  the 
system. 
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INTERLABOEIATORY  EVALUATION  AND  CORRELATION  STUDIES 
WITH  THE  ARAPAHOE  AND  NBS  SMOKE  CHAMBERS 
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Boulder , 

ABSTRACT 

Requirements  for  large-scale  testing  are  pend- 
ing for  the  evaluation  of  fire  and  smoke  safety 
of  wire  and  cable  products.  But  small-scale 
tests  such  as  the  NBS  or  Arapahoe  Chambers  are 
needed  for  smoke  research  programs  to  screen 
materials  prior  to  submitting  them  for  large- 
scale  testing. 

An  interlaboratory  evaluation  was  conducted  to 
determine  the  statistical  variability  of  the 
two  instruments.  Smoke  data  was  obtained  under 
flaming  conditions  for  a series  of  typical 
jacketing  or  insulation  materials  used  by  the 
wire  and  cable  industry.  Superior  precision 
was  shown  by  the  Arapahoe  method,  and  gravi- 
metric smoke  measurements  from  the  instrument 
appear  to  correlate  with  specific  optical 
density  measurements  in  the  NBS  Chamber.  The 
Arapahoe  Chamber  offers  speed  and  simplicity  of 
operation  for  high  sample  throughput. 


INTRODUCTION 

Smoke  has  been  defined  as  a primary  concern  for 
life  safety  with  construction  products.  Sub- 
stantial loss  of  visibility  has  been  shown  to 
occur  minutes  before  temperature  and  oxygen  deple- 
tion become  a significant  threat  in  full-scale 
test  fires. ^ A fire  victim’s  ability  to  see 
escape  routes  and  successfully  egress  is  usually 
lost  in  the  early  stages  of  a fire.  This  is 
supported  by  fire  statistics  that  show  a relation- 
ship between  smoke  and  fatalities  in  building 
f ires. ^ ^ 

As  a result  of  a growing  sense  of  urgency  about  the 
need  to  control  smoke  generation  considerable 
attention  is  being  given  to  the  development  of 
test  methods.  It  is  anticipated  that  the  wire  and 
cable  industry,  as  with  other  industries  in  the 
building  construction  area,  will  require  large- 
scale  testing  to  adequately  evaluate  products 
for  fire  safety.  But  development  of  low  smoke 
materials  will  require  screening  of  large  numbers 
of  trial  materials  before  a low  smoke  optimum  is 
found.  Since  large-scale  tests  are  expensive  and 
difficult  to  run,  a suitable  laboratory  scale 
method  is  needed. 
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Several  laboratory  scale  tests  have  been  develop- 
ed to  measure  smoke  from  burning  materials. 

Most  have  been  found  to  lack  good  repeatability 
or  to  be  prohibitively  time  consuming  and  expen- 
sive to  run.  Two  of  the  more  widely  accepted 
small-scale  test  methods  are  the  NBS-Aminco** 
and  the  Arapahoe  Smoke^  Chambers.  Smoke  is 
determined  optically  under  flaming  or  smolder- 
ing conditions  in  the  NBS  instrument.  Light 
transmittance  measurements  are  made  of  the  atten- 
uation of  a collimated  beam  of  light.  Scatter- 
ing or  absorption  of  the  light  beam  is  caused 
by  the  particulate  matter  which  is  confined  to  an 
18  cubic  foot  chamber  during  the  duration  of  the 
test.  Although  a number  of  smoke  parameters  can 
be  determined  from  the  optical  data,  one  of  the 
most  useful  is  the  maximum  specific  optical 
density  Dm,  which  will  be  used  herein. 

Smoke  weight  is  measured  gravlmetrically  under 
flaming  conditions  in  the  Arapahoe  Chamber  by 
filtering  the  particulates.  Combustion  products 
from  a small  sample  are  continuously  drawn 
through  a glass  fiber  filter.  At  the  end  of  the 
test  both  smoke  particulates  and  char  are  deter- 
mined gravlmetrically  and  are  reported  as  per- 
centages of  amount  of  the  original  sample  burned. 
The  method  is  particularly  convenient  and 
simple  and  the  results  can  be  shown  to  correlate 
with  optical  smoke  values. 

Both  the  gravimetric  and  the  optical  method  have 
been  used  to  measure  smoke  generation  from  a 
series  of  typical  jacketing  or  insulation 
materials  used  in  the  wire  and  cable  industry. 

A Round  Robin  evaluation  of  the  test  methods  was 
conducted  in  which  eight  labs  ran  slab  samples  in 
the  Arapahoe  Smoke  Chamber  and  10  labs  evaluated 
both  wire  and  slab  samples  in  the  NBS  unit. 
Variability  estimates  were  obtained  for  smoke 
results  from  both  instruments  using  statistical 
analysis.  The  purpose  of  the  interlaboratory 
study  reported  herein  is  to  compare  the  vari- 
ability that  occurred  in  smoke  results  and  to  show 
correlation  between  gravimetric  and  optical  smoke 
values . 

MATERIALS  AND  EQUIPMENT 

A variety  of  polymers  representing  typical  jacket- 
ing and  insulation  materials  were  evaluated  in  the 
interlaboratory  evaluation.  Silicone  rubber, 
flame  retardant  crosslinked  polyethylene,  chloro- 
prene,  chlorosulforated  polyethylene,  polyvinyl 
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chloride,  flame  retardant  ethylene  propylene 
rubber,  and  a fluorocarbon  were  supplied  in  wire 
and  in  20  to  30  mil  slab  configurations.  A rigid 
PVC  reference  material  in  125  mil  thickness, 
plus  eight  different  slab  samples  were  supplied 
to  the  laboratories  chat  ran  Che  gravimetric 
chamber.  Nine  slab  and  eight  wire  samples  were 
sent  to  the  laboratories  that  obtained  the  optical 
data. 

Gravimetric  smoke  measurements  were  made  with 
Arapahoe  Smoke  Chamber  model  705.  Optical  data 
was  obtained  with  NBS-Aminco  Model  J4-5800B 
instrument.  Four  Arapahoe  Chambers  were  shared 
among  six  of  the  gravimetric  Round  Robin  partici- 
pants in  the  study.  Two  of  the  laboratories  had 
instruments  in  house  and  had  previous  experience 
in  operating  the  unit.  Approximately  4 to  8 hours 
of  learning  time  were  required  from  those  labs 
with  no  prior  experience.  In  contrast,  all  partic- 
ipants that  obtained  optical  measurements  had 
instruments  and  experienced  operators  in  their 
laboratories  prior  to  beginning  the  Round  Robin 
evaluation. 

TEST  PROTOCOL 

Along  with  the  learning  period  for  the  gravi- 
metric method,  other  procedural  modifications 
were  necessary  to  complete  the  interlaboratory 
study.  For  example,  the  NBS  Chamber  is  most 
suitable  for  slab  samples.  A new  procedure  was 
devised  to  evaluate  wire  composites  in  the 
instrument.  The  remainder  of  the  work  in  the 
optical  method  was  done  with  standard  procedure 
under  flaming  conditions.  The  Dm  was  calculated 
from  the  following  equation  as  an  average  of  3 
replicate  runs  per  sample  material 


V ,,  100, 

Dm  C-OSio  Tm^  (1) 

Where  V 

= Volume  of  the  NBS  Chamber 
occupied  by  smoke. 

A 

= Exposed  area  of  the  sample  from 
which  smoke  is  generated. 

L 

* Length  of  light  beam  path  in 
the  Chamber, 

Tm 

* Minimum  light  transmittance. 

It  should  be  noted  that  in  the  interest  of 
reducing  the  work  load,  none  of  the  8 laboratories 
were  required  to  evaluate  all  of  the  materials  In 
both  the  flaming  and  nonflaming  modes  in  the  NBS- 
Aminco  Chamber. 

The  procedural  changes  for  the  Arapahoe  Chamber 
were  more  extensive.  The  Instrument  Is  best 
suited  for  125  mil  thick  slab  samples.  Most 
polymers  will  produce  a measurable  quantity  of 
smoke  without  overloading  the  filtration  system 
when  burned  for  30  seconds  under  standard  condi- 
tions. The  slabs  were  supplied  in  20  to  30  mil 
thickness.  Doubling  or  tripling  of  the  sample 
or  the  flame  exposure  time  was  required  In  most 
Instances  to  obtain  a measurable  quantity  of 
smoke.  This  probably  increased  the  variability 
seen  in  the  gravimetric  test  results.  Table  1 


shows  the  procedure  changes  required  for  the 
eight  samples  (materials  1,  3,  5,  7,  9,  11,  13, 

15)  evaluated  in  the  Arapahoe  Chamber. 

In  addition  to  changes  in  the  test  protocol,  the 
calculation  procedure  was  modified  for  samples 
3 end  5,  The  materials  dripped  under  flaming 
exposure  and  burned  cleanly  without  charring.  To 
maintain  consistency  in  the  calculation  of  the 
percentage  smoke,  the  drips  were  considered  to 
be  unburned  material  and  the  calculation  of  per- 
cent char  was  not  carried  out.  Most  of  the  lab- 
oratories were  able  to  finish  the  entire  series 
of  samples  in  8 to  16  hours.  The  data  reported 
represents  an  average  of  5 sample  replicates  per 
material . 

RESULTS  AND  DISCUSSION 

The  average  smoke  values  for  each  material  were 
obtained.  Tables  2,  3 and  4 contain  the  data  for 
each  material  and  lab.  This  is  the  background 
information  used  in  the  statistical  analysis  here- 
in. The  procedure  was  developed  by  Dr.  John 
Mandel  at  the  National  Bureau  of  Standards^  and 
has  been  used  by  the  ASTM  to  analyze  Round  Robin 
data  from  other  smoke  test  programs.  The  proce- 
dure yields  a relative  repeatability  and  reproduc- 
ibility estimate  within  and  between  labs  by 
material . 

The  first  is  defined  as  the  relative  repeatability. 
It  is  the  percentage  difference  within  a one 
instrument  lab  with  one  operator  required  to 
establish  (with  good  confidence)  that  materials  are 
distinguishable  from  one  another  in  average  smoke 
value.  The  second  Is  the  relative  reproducibility. 
It  is  the  percentage  in  the  mean  smoke  value 
required  to  discriminate  (with  good  confidence) 
between  materials  run  in  different  machines  at 
different  laboratory  locations.  Good  confidence 
is  defined  as  being  95%  sure  of  the  correctness 
of  the  decision.  The  repeatability  and  reproduc- 
ibility within  and  between  labs  for  data  from  the 
NBS  and  Arapahoe  Chambers  by  material  Is  shown  In 
Table  5. 

Comparison  of  the  gravimetric  and  the  optical  slab 
results  shows  the  Arapahoe  Chamber  to  offer 
greater  within  laboratory  precision  than  the 
optical  chamber.  The  relative  repeatability  with- 
in labs  is  slightly  better  for  the  gravimetric 
method.  This  could  indicate  that  the  gravimetric 
chamber  Is  a better  ranking  tool  for  comparing 
smoke  values  from  a consistent  series  of  materials 
within  any  given  lab. 

But  the  NBS  Chamber  shows  better  reproducibility. 
The  optical  data  Is  more  consistent  between  lab- 
oratories than  gravimetric  data  from  the  same  set 
of  slab  samples  run  under  similar  flaming  condi- 
tions. This  is  probably  related  to  the  experience 
factor  explained  in  the  materials  and  equipment 
section  of  this  report.  The  operators  of  the 
optical  smoke  ireasurement  Instruments  had  more  time 
to  standardize  their  procedure  and  equipment  before 
beginning  the  test  series. 
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A more  valid  comparison  is  to  look  at  the  gravi- 
metric results  for  the  125  mil  rigid  PVC  ref- 
erence samples.  This  material  was  usually  run 
before  the  samples  in  the  interlaboratory  evalua- 
tion to  verify  the  proper  function  of  the  gravi- 
metric hardware.  As  displayed  In  Table  5,  a sub- 
stantial reduction  in  variability  within  and 
between  laboratories  occurred  relative  to  all 
other  slab  or  wire  samples  in  the  study.  This  is 
an  indication  of  the  type  of  variability  that 
should  occur  under  good  conditions,  (i.e.  non- 
dripping 125  mil  thick  material)  in  the  gravi- 
metric chamber.  Furthermore,  the  variability  for 
the  reference  material  is  lower  than  the  histori- 
cal results  of  Interlaboratory  evaluations  of 
the  optical  test  method  as  shown  in  Table  6. 

rhls  is  the  result  of  several' inherent  factors 
in  gravimetric  smoke  measurement.  First,  the 
equipment  is  much  more  simple  and  easy  to  operate. 
No  complicated  optical  apparatus  is  present. 

Smoke  loss  by  deposition  on  the  walls  and  floor 
of  the  combustion  chamber  is  held  to  a minimum  in 
the  flow  through  system. 

But  the  relevance  of  smoke  weight  percentage 
determinations  remains  to  be  established.  To 
obtain  the  benefits  of  speed,  simplicity  and  pre- 
cision the  smoke  mass,  a primary  result  of  com- 
bustion is  measured.  However,  light  obscuration, 
as  secondary  effect  of  combustion,  is  of  the  most 
Interest.  Therefore,  correlation  of  the  gravi- 
metric results  with  light  obscuration  as  measured 
by  optical  density  is  essential. 

CORRELATION  OF  OPTICAL 
AND  GRAVIMETRIC  METHODS 


particle  mass  concentration  to  optical  density 
as  follows  for  flaming  and  nonflaming  combustion; 


D/L  - (POD)  Cg  (2) 


Where  D « Optical  density 

logj^Q  (100/Tm). 

Cs  * Mass  concentration  of  particles. 
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The  theory  can  be  applied  to  nondripping 
materials  that  behave  similarly  under  flaming 
combustion  in  both  the  NBS  and  Arapahoe  Chambers. 
According  to  Ou  and  Seader^  concentration  of 
particles  Cs  can  be  determined  from  the  percent 
smoke  value  in  the  Arapahoe  Chamber  and  the 
weight  loss  in  the  optical  method  as  follows: 


Cs 


» M 
V 


(3) 


Wliere  Tj  = Mp/Ma  = Arapahoe  percent  smoke 
when  char  is  deleted  from  the 
calculations. 

Ma  = Airborne  mass  loss  in  the  Arapahoe 
Chamber . 


Mp  = Smoke  particulate  mass  determined 
in  the  Arapahoe  Chamber. 

M = Airborne  mass  loss  of  the  specimen 
as  measured  in  grams  in  the  NBS 
Chamber. 

V ® Volume  of  the  NBS  Chamber. 


Several  methods  have  been  used  to  relate  gravi- 
metric smoke  results  from  the  Arapahoe  Chamber 
with  optical  results  from  the  NBS-Aminco 
instrument.  Data  obtained  by  Kracklauer,  Sparkcs, 
and  Legg®  shows  that  Dm  is  directly  proportional 
to  the  percent  smoke  measured  in  the  Arapahoe 
Chamber.  But  separate  curves  are  required  for 
each  material.  Application  of  this  theory  led 
to  the  use  of  the  gravimetric  method  as  a rank- 
ing tool  for  screening  consistent  series  of 
samples  of  the  same  material  type.  No  attempt  was 
made  to  directly  predict  Dm  since  a separate  corr- 
elation was  required  for  each  material. 

Samples  of  polymethyl  methacrylate,  polyvinyl 
chloride,  polyester,  and  polystyrene  were  evaluat- 
ed by  Hilado  and  Cununing  at  the  Fire  Safety 
Center  of  the  University  of  San  Francisco.''  Data 
was  obtained  from  both  the  Arapahoe  and  the  NBS- 
Aminco  Chambers.  Correlation  was  established 
between  percent  smoke  and  Dm  in  both  the  flaming 
and  nonflaming  modes  of  exposure. 

More  recent  work  by  Seader  and  Ou  at  the  Flamm- 
ability Research  Center  of  the  University  of  Utah® 
has  led  to  a generalized  theory  applicable  to  a 
wide  variety  of  materials.  The  use  of  radiative 
transport  theory  for  light  attenuation  by  scatter- 
ing and  absorption  together  with  particle  co- 
agulation theory  resulted  in  an  equation  relating 


Rearrangement  of  equation  (2)  together  with  sub- 
stitution of  the  proper  value  for  POD,  V,  Cs,  and 
L yields  the  following  predictive  equation  (4) 
for  determination  of  Dm.  The  assumptions  used 
to  arrive  at  this  equation  are: 

1.  The  weight  of  smoke  particulates  in  the  NBS 
Chamber  is  not  reduced  by  settling,  and 

2.  The  weight  of  smoke  produced  per  amount  of 
sample  burned  (Tj)  is  the  same  for  both 
instruments . 

Dm  = (7.8)  (M)  (Ti)  (4) 

An  estimation  of  M can  be  obtained  by  assuming 
that  all  exposed  material  In  the  NBS  Chamber  is 
completely  consumed  during  the  test.  This 
assumption  appears  to  be  most  valid  for  thin 
samples  such  as  the  20  to  30  mil  slabs  supplied 
for  the  interlaboratory  evaluation  discussed 
herein  if  no  charring  occurs. 

But  char  formation  occurs  during  the  combustion 
of  most  pol>Tner  systems  such  that  a better  approx- 
imation of  M could  be  obtained  if  percent  char 
measurements  from  the  Arapahoe  Chamber  are  taken 
into  account.  This  yields  the  following  appl- 
ication of  the  theory  proposed  by  Seader  and  Ou 
for  prediction  of  Dm. 
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Dm 


(7.8)  (M)  (ip 


ACKNOWLEDGEMENTS 


(5) 


Where  T2  * Smoke  mass  percentage  of  the  total 
airborne  loss  and  char  produced  in 
the  Arapahoe  Chamber . 

Application  of  this  equation  to  the  smoke  and  char 
data  from  the  slab  samples  in  the  Interlaboratory 
evrluatlon  yields  the  correlation  in  Figure  1. 

The  data  used  for  this  is  the  average  smoke 
result  across  all  laboratories  for  each  material. 
If  material  15  is  dropped  from  the  series,  an 
excellent  correlation  with  a coefficient  of  0.88 
is  shown  between  the  Dm  predicted  values  and  those 
actually  measured  by  the  Round  Robin  participants. 

Material  15  was  dropped  because  of  dissimilar 
burning  that  occurred  in  the  two  instruments 
such  that  a basic  assumption  of  the  correlation 
theory  was  violated.  Sample  15  was  doubled  in 
thickness  before  being  run  in  the  gravimetric 
chamber.  Unlike  the  other  slab  samples  in  the 
series,  doubling  the  thickness  changed  the  burn- 
ing characteristics.  Melting  and  dripping 
occurred  at  single  thickness  in  the  NBS  Chamber, 
but  did  not  occur  at  double  thickness  in  the 
Arapahoe  instrument.  This  led  to  a dispor- 
portlonately  low  smoke  value  in  the  NBS  Chamber 
which  cannot  be  accounted  for  by  this  predictive 
method . 

CONCLUSIONS  AND  RECOMMENDATIONS 

Good  correlation  is  shown  between  Arapahoe  gravi- 
metric smoke  values  and  NBS  Chamber  optical  data 
for  slab  samples  run  In  the  flaming  mode  if 
burning  characteristic  of  the  material  are  sim- 
ilar. This  confirms  the  work  by  Seader  and  Ou  at 
the  University  of  Utah  and  Hilado  and  Gumming  at 
the  University  of  San  Francisco.  Although  the 
correlation  is  particularly  good  for  nondripping 
solid  materials.  It  appears  to  be  valid  for 
samples  that  drip  under  flaming  exposure. 

Comparison  of  the  variability  in  the  slab  data 
shows  the  gravimetric  unit  to  have  superior 
average  repeatability  within  labs  and  the  optical 
chamber  to  have  superior  average  reproducibility 
between  labs.  But  the  gravimetric  instrument  was 
run.  by  relatively  inexperienced  operators  on  thin 
samples  that  required  substantial  technique 
development.  When  a learning  situation  existed 
and  nonstandard  procedures  were  required  from 
both  Instruments,  the  gravimetric  chamber  showed 
better  reproduclbllitv  and  repeatability  than 
the  optical  method.  An  indication  of  the  Improve- 
ment that  could  be  seen  in  the  precision  of  the 
gravimetric  results  Is  reflected  In  the  data 
from  the  rigid  PVC  reference  material. 

The  data  presented  herein  establishes  the  gravi- 
metric method  as  a useful  screening  tool  for  smoke 
evaluation.  It  provides  superior  precision  to  the 
optical  method  with  the  advantage  of  speed  and 
simplicity  for  higher  sample  throughput  in  smoke 
research  programs. 


The  authors  are  indebted  to  the  members  of  the 
IEEE  Power  Engineering  Society  WG  12-36  Sub- 
group on  Smoke  for  the  release  of  the  interlab- 
oratory data  from  both  the  NBS  and  Arapahoe 
Chambers  for  outside  publication.  This  paper  is 
published  by  the  consent  of  Arapahoe  Chemicals, 
Inc.,  a Syntex  Company  in  Boulder,  Colorado. 
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TABl.E  1 


PROCEDURAL  REVISIONS  FOR  THE  GRAVIMETRIC  CHAMBER* 


Sample 

Number 

Required  Thicknesses 
of  Standard  Samples 

Sample  Burn  Time 
in  Seconds 

Coinnents 

1.11,13 

Single 

30 

Char  delaminated  during  combustion. 

3 

Double 

60 

Drips  were  caught  in  a preweighed  dish. 
No  char  was  produced. 

5 

Triple 

60 

Sample  burned  cleanly  and  dripped. 
Preweighed  dish  was  used  to  catch  drips. 

7,9,15 

Double 

60 

Char  delaminated  during  combustion. 
Preweighed  dish  was  necessary  to  prevent 
char  losses. 

A 

Standard  conditions  are 

a 30  second  burn  time 

for  a 1 1/2  inch  x 1/2  inch  sample. 

TABLE  2 

ARAPAHOE  PERCENT  SMOKE  FOR  SLAB  SAMPLES 
M A TER  I A L 


1 

3 

5 

7 

9 

n_ 

13 

15 

Ref 

Lab 

1 

7.28 

4.65 

1.75 

7.50 

7.38 

11.03 

16.92 

18.45 

10.50 

2 

7.48 

6.22 

2.60 

6.74 

6.86 

10.08 

14.84 

9.63 

- 

3 

8.02 

4.70 

2.17 

7.05 

7.48 

12.30 

15.24 

15.06 

10.70 

4 

7.58 

2.83 

2.95 

6.86 

6.32 

10.58 

13.94 

10.58 

10.67 

5 

9.45 

6.18 

3.30 

8.38 

8.23 

16.15 

18.20 

16.70 

11.00 

6 

8.18 

3.80 

3.28 

6.59 

6.30 

9.97 

13.53 

7.65 

12.15 

7 

10.13 

1.67 

2.20 

7.55 

9.18 

10.57 

16.77 

17.63 

12.50 

8 

8.78 

5.93 

3.00 

8.68 

7.80 

9.53 

19.68 

19.03 

- 

Overall 

8.37 

4.33 

2.65 

7.33 

7.43 

11.06 

15.84 

14.08 

11.16 
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1 

3 

5 

Lab 

I 

249 

156 

62 

2 

258 

126 

- 

3 

- 

- 

59 

4 

252 

- 

38 

5 

257 

- 

- 

6 

- 

Ill 

57 

7 

266 

146 

69 

8 

- 

- 

- 

9 

252 

119 

65 

11 

251 

- 

65 

Overall 

255 

132 

59 

2 

4 

6 

Lab 

1 

293 

924 

743 

2 

264 

924 

- 

3 

- 

- 

924 

4 

228 

924 

879 

5 

282 

- 

- 

6 

- 

924 

924 

7 

- 

355 

374 

8 

- 

- 

- 

9 

409 

799 

751 

11 

245 

- 

628 

Overall 

289 

835 

74  3 

TABLE  3 


Dm  FOR  SLAB  SAMPLES 

FLAMING  MODE 
MATERIAL 


7 

9 

11 

13 

15 

17 

200 

306 

- 

- 

« 

248 

- 

- 

415 

614 

50 

- 

190 

301 

407 

645 

41 

- 

177 

- 

- 

- 

33 

222 

- 

278 

360 

441 

34 

246 

210 

325 

406 

- 

- 

231 

- 

- 

- 

409 

60 

252 

207 

297 

363 

434 

23 

241 

227 

300 

- 

- 

- 

- 

169 

283 

328 

578 

44 

- 

193 

298 

378 

520 

41 

240 

TABLE  k 

Dm  FOR  WIRE  S/VMPLES 

FLAMING  MODE  I 

MATERIA  L 


8 

10 

12 

14 

16 

924 

426 

- 

_ 

- 

- 

- 

369 

194 

662 

894 

485 

502 

292 

- 

924 

- 

- 

- 

809 

- 

451 

456 

345 

839 

924 

447 

558 

- 

- 

- 

- 

- 

146 

377 

529 

403 

383 

233 

436 

857 

519 

- 

- 

- 

762 

357 

213 

126 

690 

834 

445 

410 

224 

627 
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TABLE  5 


RELATIVE  PRECISION:  SLAB  AND  WIRE  SAMPLES 


Repea 

tability  Within 

Labs 

Reproducibility  Between  Labs 

Material 

NBS-Slabs 

Arapahoe 

Slabs  NBS-Wire 

NBS-Slabs 

Arapahoe 

Slabs 

NBS-Wire 

1 

12.81 

15.88 

14.43 

16.99 

34.48 

62.48 

3 

16.23 

23.10 

1.49 

39.62 

109.22 

66.09 

5 

26.30 

23.75 

6.75 

48.54 

60.35 

74.98 

7 

27.89 

16.15 

14.35 

28.09 

27.65 

49.13 

9 

12.83 

10.92 

8.72 

14.17 

38.86 

31.16 

11 

9.91 

15.73 

63.84 

25.36 

45.66 

79.09 

13 

14.97 

21.98 

27.78 

55.27 

34.00 

107.27 

15 

59.96 

17.08 

26.31 

82.33 

89.08 

81.24 

17 

11.53 

- 

- 

12.99 

- 

- 

* 

- 

4.84 

20.46 

- 

22.90 

68.93 

Averaged 

Variability 

21.38 

16.60 

41.69 

35.93 

51.36 

52.08 

* 125  mil  thick  rigid  PVC  reference  material, 

TABLE  6 

INTERLABORATORY  EVALUATIONS 
OF  THE  ARAPAHOE  AND  THE  NBS-AMINCO  CHAMBERS: 
ROUND  ROBIN  VARIABILITY  RESULTS 


Organization 

Average 
Repeatabil itv 

Average 

Reproducibility 

ASTM:  E5.02  Subgroup 

NES  Flaming  Slabs 

31.2% 

62.3% 

NBS  Nonflaming  Slabs 

21.5% 

V 

44.8% 

BSI  (Great  Britain) 

NBS  Flatolng  Slabs 

24.8% 

50.8% 

Current  Interlaboratorv  Study 

NBS  Flaming  Slabs 

21.4% 

35.9% 

NBS  Flaming  Wire 

20.5% 

68.9% 

Arapahoe  Slabs 

16.6% 

51.4% 

Arapahoe  Rigid  PVC  Reference 

4.8% 

22.9% 

268 
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ABSTRACT 

Changing  technology  has  rendered  obsolete 
most  present  designs  of  vertical  cable  penetrat- 
ions in  telephone  exchanges.  The  application  of 
available  materials  to  provide  a universal 
approach  to  this  problem,  building  code  consider- 
ations, design  and  application  variables  are 
discussed  in  the  context  of  the  eighteen  typical 
samples  submitted  to  a controlled  ASTM  El  19  type 
fire  test.  The  conclusions  drawn  from  the  tests 
have  resulted  in  a relatively  simple  method  to 
effectively  seal  cable  penetrations. 


INTRODUCTION 

Recent  changes  in  technology  coupled  with 
the  necessity  to  economize  have  resulted  in 
difficulty  of  application  and,  proliferation  of 
designs  for  cable  penetrations  in  telephone 
exchanges.  The  proliferation  of  designs  has  led 
to  a difficult  admi ni s t rat i ve  problem  which  in 
turn  has  manifested  itself  into  a hard  look  at 
the  existing  closures,  in  an  attempt  to  ration- 
alize this  area  and  arrive  at  an  acceptable 
alternative.  The  ideal  would  be  one  basic  method 
for  all  applications,  which  would  meet  the 
building  code  requirements  and  application 
requirements  of  the  telephone  company. 

Eighteen  representative  samples  were 
constructed  for  two  separate  series  of  tests. 
Data  collected  were  analysed  to  formulate 
recommendations  to  Bell  Canada  for  one  basic 
universal  system  which  would  be  compatible  with 
existing  cabled  and  uncabled  penetrations,  as 
well  as  provide  a design  basis  for  future 
appi ications. 

Testing  was  carried  out  by  the 
ULC“S  1 0 1 - I 975  "Standard  Methods  'if  Fire  Endurance 
Tests  of  Building  construction  and  Materials", 
see  Appendix  1.  Fri)m  the  conclusions  it  is  shown 
that  a relatively  simple  method  satisfying  the 
set  design  criteria  is  feasible,  both  technically 
and  economi ca 1 ly , using  the  facilitie  and  with 
the  technical  assistance  of  the  Unde; wr i t ers ' 
Laboratories  of  Canada  (U.L.C.).  The  tests  were 
small  scale  for  comparison  purposes  of  closure 
materials. 


FIG.  1 - TEST  FURNACE  TIME-TEMPERATURE  CURVE. 


SCOPE 

The  scope  of  the  program  was  to  arrive  at  a 
method  or  design  of  cable  penetration  closure 
which  will,  under  recognized  test  conditions, 
retard  fire  propagation  for  a specified  time, 
given  the  conditions  and  variables  encountered  in 
telephone  exchanges.  Types  of  cables  were  not 
considered  to  be  relevant,  other  than  to  ensure 
the  use  of  a typical  sampling  in  the  tests. 
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Study  Objectives 


The  objectives  were  to  evaluate  and/or 
record  the  suitability  of  available  systems  and 
materials  and  their  effectiveness  in  the  proposed 
application  designs;  the  effectiveness  of  cable 
and  wire  insulation  in  group  cable  configurations 
to  impede  flame  and  gas  penetration;  and  finally 
to  determine  to  what  extent  correlations  exist 
between  cable  decompos i t ion  rate  through  a 
closure  and  (i)  closure  materials  used,  (ii) 
closure  depth,  (iii)  the  cross-sectional  mass  of 
Central  Office  Equipment  (C.O.E.)  cable  groups. 
Data  gained  from  the  results  would  be  used  to 
standardize  on  an  acceptable  cable  penetration 
c losure  system. 


CABLE  PENETRATIONS 


Design  Considerations  ~ Application 

The  necessity  for  flexibility,  to  provide 
for  variable  conditions,  dimensions  and  changes 
in  technology  precluded  a rigid  closure  design, 
see  Appendix  2 for  cl ari f icat ion.  Because  of  the 
density  of  cables  required  in  telephone  exchange 
appl i cat  ions , provisions  for  individual  cable 
openings  are  not  practical.  Application 
conditions  also  prohibit  a design  with  a myriad 
of  piece-parts.  Rather,  slots  must  be  provided 
for  multiple  cable  passage  thus  assuring  flex- 
ibility of  capacity  for  th-  future,  coupled  with 
a closure  system  capable  of  effecting  a seal  at 
any  stage  of  cable  fill.  Such  a system  must  also 
be  compatible  with  existing  penetrations,  to 
avoid  a proliferation  thus  assuring  eppl icabi I i tv 
in  all  cases  of  additions  of  cables,  which  can 
occurr  frequently.  Additions  require  that  such  a 
system  be  easily  re-enterable  and  re-sealable  in 
restricted  access  locations  with  minimum  tools, 
labour,  admi ni st rat i on,  and  be  free  of  dust, 
vibration  and  conditions  which  may  adversely 


CEMENTITIOUS 

TOPPING 


FIG.  2 - CONCEPT  OF  SEALING  AN  INTER-FLOOR  CABLE 
PENETRATION. 


FIG.  3 - SHOWING  CERAMIC  FIBRE  PLACEMENT  BETWEEN 
STUB  CABLES  IN  A TELEPHONE  EXCHANGE. 

effect  adjacent  equipment.  Duiing  the  cabling 
phase  of  a telephone  exchange  (central  office) 
extension  which  may  last  a number  of  weeks,  it  is 
necessary  to  keep  the  penetrations  closed  as  much 
as  possible,  a desirable  feature  oi  any  closure 
system.  The  closure  top  should  be  sufficiently 
rigid  to  withstand  norma!  maintenance  activities 
and,  of  course,  the  existing  cost  levels  should 
not  be  exceeded. 

After  a process  of  elimination  it  was 
concluded  that  a bulk  tvpt*  of  material  was 
required  which  may  be  packed,  oi  which  could  flow 
to  fill  voids  in  a cabled  penetration. 

Building  Code 

Regardless  of  the  telephone  company*s 
design  considerations,  the  building  code 
legulalions.  Ref.  1,  had  to  be  satisfied. 
Briefly,  telephone  exchanges  fall  into  a category 
of  building  requiring  that  a floor  assembly  have 
a 2 hour  rating,  in  the  most  severe  case.  This 
would  be  the  floor  between  the  basement  and  the 
fiist  storey  in  a building  having  U storey.'  and 
ovei . Other  floors  and  buildings  with  a lessei 
number  of  stoieys  have  less  severe  ratings.  It 
was  decided  not  to  differentiate  these  variables 
as  admi n i St i at  ion  and  control  would  impose  a 
buiden,  but  to  provide  a closure  system  with  a 2 
hou i rating. 


TEST  SAMPLES 


Test  samples  were  const lucted  of  poured 
reinforced  concrete  with  a specified  compiessive 
stiength  of  3000  lbs.,  Ref.  2.  The  exlein.il 
dimensions  of  the  sample  slabs  were  39  inches  x 
39  inches  x 6 inches  deep,  this  depth  heirg  the 
minimum  that  may  be  expected  in  the  telephone 
exchanges  in  question.  In  re.ility,  most  ciitical 
areas  have  a greater  depth  due  to  additional 
striictuial  requirements.  These  sl.ibs  were 
intended  to  fit  the  small  scale  test  fuin.ice  .it 
the  U.L.C.  The  peneti.ilion  dim*‘n»iions  weie, 
nominally,  10  inches  x 20  inches  foi  C.O.E. 


270 


^ AO- 


AD-A047  609 

unclassified 

4cf4 

AD 

A0A7609 


ARMY  COMMUNICATIONS  RESEARCH  AND  DEVELOPMENT  COMMAND  —ETC  F/6  9/1 
PROCEEDINGS  OF  INTERNATIONAL  MIRE  AND  CABLE  SYMPOSIUM  (26TH)  CH— ETC(U)  • 
NOV  77  E F GODWIN 

NL 


/ 


cables;  10  inches  % 32  inches  foi  stub  cables.  U 
may  be  questioned  as  to  the  necessity  of  usin^ 
conciete  slabs  to  accomodate  sample  closuies^  hut 
It  would  be  uniealistic  to  do  otheiwise,  as  the 
coolinjt  effect  of  the  conciete  on  a penetiation 
IS  cons idei able.  Metal,  oi  any  substitute 
material,  may  produce  conditions  not  encountered 
"in  situ'*,  or  become  structurally  deficient 
during  the  course  of  the  test  causing  premature 
destruction  of  the  test  sample.  The  dimensions 
of  the  penetrations  in  the  slabs  were  typical,  so 
that  the  assembled  test  samples  complete  with 
cable  racks,  cables,  etc.,  were  representative  *’f 
any  that  may  be  found  in  a rele^one  exchange. 
Our  last  sample.  Fig.  & lb,  was  estimated  to 
weigh  1200  lbs.  At  the  time  of  assembly  of  the 
test  samples,  thermocouples  were  disposed 

symetrically  onto  the  closure  surface,  along  the 
edges  of  the  closure,  and  into  the  cable  groups 
as  well  as  cable  surfaces.  The  interior  furnace 
temperatures  were  similarly  RKinitored  and 

cont  rol led. 

One  aspect  of  testing  actual  size  samples 
that  had  to  be  considered  was  the  effect  of  the 
cables  protruding  into  the  test  furnace  interior. 
They  would  undoubtedly  interfere  with  the  normal 
flow  of  the  gas  flames,  but  to  what  extent?  Would 
the  emissions  interfere  with  comb'.,$t  ion?  Would 
the  fire  .e’ardants  in  the  cable  and  wire 
insulation  effect  the  furnace  operation?  The^^e 
dill  occur  but  were  corrected  by  the  introduction 
of  a supplementary  air  supply  through  the  base  of 
the  furnace  which  enabled  the  furnace  temperature 
to  follow  the  curve.  The  following  graphs 
illustrate  some  of  the  results.  In  all  cases  the 
highest  temperatures  recorded  are  shown  and  are 
not  the  average.  The  heavy  horizontal  line  at 
390®F  represents  the  maximum  individual 
permissible  temperature  recording  which  is  the 
325*F  plus  65*F  ambient.  The  variables  start  at 
65*F,  and  are  a solid  line  for  the  closures' 
unexposed  surface,  and  a dotted  line  for  the 
cable  temperatures. 

^ TKST  RESULTS 

The  findings  after  test  indicate  that  a 
closure  depth  of  10  inches  is  required  of  a 
combination  of  Alumi na-Si I ica  Ceramic  fibre,  see 
Appendix  3 for  a description,  as  the  tightly 
filled  bulk-pack  material  and  a vermiculite. 
Appendix  4,  cement  topping.  Fight  inches  of 
fibre  plus  two  inches  of  the  cement  topping.  The 
resiliency  of  this  fibre,  even  under  extreme 
heat,  is  retained,  thus  filling  in  cavities  left 
by  melting  cable  insulation,  and  impeding  further 
degradation  through  the  closure.  A rigid  type  of 
fill  would  not  likely  function  this  way.  The 
vermiculite  cement  acts  as  the  last  thermal 
barrier  and  an  excellent  seal  against  the  passage 
of  smoke  & hot  gases.  In  many  cases  the 
degradation  of  the  cables  was  markedly  less  at 
the  level  of  the  vermiculite  cement  after  they 
had  deteriorated  through  the  ceramic  fibre. 


FIG.  4 - TFHFERATGRE  RESULTS  OF  CONCERT  APPLIED 
TO  AN  EXISTING  TYPE  OF  PENETRATION  WITH 
C.O.E.  CABLES.  ALL  OTHER  CRITERIA  SATISFACTORY. 


‘time  in  MINUTES 


FIG.  5 - t::;iperature  results  of  a closure  initially 

SEALED,  RE-OPENED  TO  ADD  C.O.E.  CABLES, 
THEN  RESEALED.  ALL  OTHER  CRITERIA  SATISFACTORY. 


FIG.  6 - AS  FOR  FIG.  4,  BUT  WITH  STUB  CABLES. 
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FIG.  7 - AS  FOR  FIG.  S,  BUT  WITH  STUB  CABl.KS. 

F.xaninjt  ion  .iftiM  teitt  Hhow»*tI  th.K  onlv  U inchi*ii 
of  ceiaroic  fihie  wa^  tniiuf  f ic  i«*nt  hocaiini'  the 
cables  on  Che  unexposed  side  of  Che  test  sample 
staited  to  deteiioiate  much  soonei  with  a 
cot  I espond ing  inciease  in  lecotded  t erapei at ui es . 
This  was  especially  noticeable  in  the  C.O.F. 
cable  ]i(ioups.  In  these  cases  a too  lapid  passage 
of  flame  and  hot  gases  appealed  to  chat  the  cable 
insulation  too  lapidly  ptevenCing  the  intei* 
mescent  effect  f i om  forming.  With  8 inches  of 
ceiamic  fibie,  small  airiounts  (wisping)  of  smoke 
appeared  initially,  giadiially  subsiding  to 
nothing,  indicating  that  the  inteimescent  effect 
of  the  cable  and  wtte  insulation  had  effectively 
blocked  all  openings  between  cable  laveis.  This, 
of  course,  vai led  in  duiation  with  the  cioss' 
sectional  size  of  G.O.E.  cable  gioiips.  The 
appioximate  2 inches  of  veiiniciil  ite  c«‘t%>nt 
topping  IS  easily  pie  teed  when  cable  must  b«> 
added;  it  may  easily  be  cut  with  a knife.  Cable 
may  then  be  fed  down  through  the  fibu*  without 
the  necessity  of  lemoving  it  foi  sm.il  I numbets  ot 
cables.  Thus  in  effect  the  penetiation  temams 
almost  intact  foi  the  duiation  of  the  cabling.  To 
seal,  a small  amount  of  veimiculite  cement  is 
lequiied  aiound  the  cable  oi  cables  that  have 
been  added.  Samples  that  weie  initially  cabled 
and  sealed  weie  opened  aftei  cuiing  and  c.ihles 
wete  added  and  the  closute  le-'sealed.  No 

saciifice  to  the  closutes'  integiity  was 

I ecoi ded. 

Foi  those  penetiations  wheie  fibie  and 
veimiculite  cemt'nt  may  be  placed  between  cables, 
even  as  little  as  0.2S  mch,  no  fiiithei  tieatim’nt 
was  found  necessaty.  Koi  penetiations  with 
C.O.E.  cable  gioups,  see  Appendix  S foi 

dcsciiption,  It  was  found  necessatv  to  add  a fiie 
letaidant  mastic,  Appendix  b,  coat  oi  **skin" 
around  the  exteiioi  of  the  cable  column.  This 
extended  foi  ^ feel  above  the  unexposed  sutface 
of  the  test  sample,  anil  foi  the  1 foot  into  the 
furnace.  This  "skin"  successfully  resisted  the 
penetiation  of  smoke  and  hot  gases  except  in  the 
minutest  quantities.  Sutface  t empei at ui es 
•emained  at  an  acceptable  level. 


FIG.  8 - A FTO'RE  OESK^j  OimrF.PT  Ft>t  STl»H  CABLES 
UTILIZING  CONCRETE  BLOCK  UNITS  WITH  THE 
HOLES  PLUGGED  WITH  VEKMICULITE  CEHEKT  IN  THE 
UNCABLKD  MODE. 


FIG.  9 - 1U.4I t.;4.  IG..SULTS  OF  TESTING  FuR  KIC.  « 
.SA.MrLn. 


SAMPLE  WITH  S6  STUB  CABLES,  WITH  MINIMAL 
CERAMIC  FIBRE  AND  VERMICULITE  CEMENT. 
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FIC.  11  - TF.MPE1U\TURE  RESLT.TS  OF  A STUB  C.'.DEC 

Cl.OSURE  WITH  INCREASED  DFPTM  OE  ( ^■»^MIC 
FIBRE  AND  VERMICUEITE  CEMENT. 


HG.  14  - VIEW  OF  Rl.«  ORDFK''.  lOP  FOR  R'K  lACE 

Tl-MPERAIl'RF.  bOTlO*'  Mk  SAMI’l.K  SI'RFACE 
UALI.  CU>l,K  DENOTES  TESl  D('R.\T  ION  OF  2 IRH'RS,  22 


STUB  CABI  E SAKPl.E  BEIN(.  HOISTED  ONTO 
TEST  FUruoAiic.. 


S/\MPLE  ON  TEST  FURNACE, 
I.OCATIONS  BEING  VERIFIED 


KM-hKhNilS 


yic,  16  - SAMPLE  COMPLETE,  CABLES  OF  BOTTOM  IMRTIOS 
REQUIRE  MASTIC  COAT.  NOTE  THERMOIXM  IMK 
WIRES  EH'.iOTINC  AT  TOP  OF  CABLE  rOLlWI. 


FIG.  17  - TEMPERi\TURE  RESULTS  OF  LAST  SAMPLE. 

THE  TWO  HIGHEST  CABLE  THERMOCOUPI.ES 
FROM  INTERIOR  OF  CABLE  COLUMN  ARE  SHOWN. 


I)  RuililtfiK  Ct>d«*  of  i*4n4dj  * 1*^7^, 

P4K<*  I,  SuhktTflUn  I.?  **f  lit  «*|  pi  c*(  4(  lOA  of 

ri*«t  Ki'sii  1 1 k** 

P4K('  »•  Suh»<«<'(  ion  1.)  **Aief(i<‘K4(  «*»  in 

Conci  • ! »•** 

P4|{€*  f,  .Sub««‘<' t I <>n  1.^  **Typ#'%  of  Convi«l«*** 

P4ie**  1*1,  T4blt*  ).1.2.A  *V  1 I ( li  4t  ion  Hy 
Gioup  oi  Hivitiion  of  Typir4l  Ocrupjncit* m'*« 
PuK*  T4l*li-  l.l  . t.A 

Pjitp  SI,  f**);  4nd  ion  J.I.IO  "FI ami* 

Spi  t>4d  Rot  I nie" 

P4^.  70,  11),  *.7.2. (0  (I) 
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APPINOIX  I 


lhi»  «i.in<l.iid  to  th**  ASTH-Kll**, 

tilt*  t imi*»t  .It  III  «*  CiiiVf  Ilk  tdt*n(iC4l.  lh«* 

tevt  ciitoii.!  apptiod  wt’it*  folli^«>: 

1)  Tho  4V«*t4K«‘  4tui(*  t I on  anv  pait  of 

(ht*  unt  xpt^tMf  Adifaco  laav  not  oxcood  2S0*F 
(120*i)  abovo  ambiont , with  an  individual 
t «*nip**i  at  u I o iia»*  of  *2S*F  (!•»**(?)  abovt* 

.imbiont  . A nintniia  «>!  ^ thfiauH  ouploA  miAt 
ht*  tiAod; 

2)  Thf‘i»*  AhoijJd  b«*  no  poni  t t .it  • or*  ,.t  tlam*  ni 
hot  K4A**A  thiouRh  oi  .iioii<:  th«-  cIoauio 
.lAAfinhly ; 

))  The  c.ibtoA  oRuinatinn  on  tho  un«*xpoAed  Aid**  of 
the  text  xamplex  xhoiitd  not  decompoxr  foi  the 
text  4u I .It  ion; 

The  rloxuie  miixt  maint.iin  itx  xttuctuial 
int  eei 1 1 V . 

APPENDIX  2 

The  telephone  company  leqiitied  .1  cloxuie 
xystem  to  im*rt  dimensional  vat  lat  ions  fiom  6 
inches  to  10  inches  wide  .ind  ^ inches  to  16  feet 
long  with  penetiations  .at  vaiious  stages  of  cable 
fill,  .IS  well  as  uncabled  penetiations  piovided 
but  not  yet  used.  C.O.K.  type  of  cable 
penetiations  with  up  to  AOO  cables  lepiescnling  a 
c I oss-sect lona I aiea  of  approximately  225  square 
inches  .ire  fiequently  encounteied.  Stub  cable 
penetiations  may  be  found  with  up  to  12  cables 
pei  B line.li  inches  of  10  inch  wide  slot,  with  a 
potential  of  16  cables.  Rcstiicted  accessibility 
IS  a constant  in  most  cases. 


APPENDIX  ) 

Aiumin.1  - Silica  Ceramic  Fibre  in  bulk  foim 
lesemblcs  cotton  batten.  It  is  a white,  light, 
fibious,  easy  to  handle  m.iteiial  that  li^nds 
Itself  to  packing  into  small  openings.  It  is 
non**a  I Ie»  genic  .ind  mav  be  safely  handled  without 


r 


gloves  etc.  It  IS  a leftacloiy  mateiial  suitable 
foi  continuous  exposuie  up  to  2300*?.  It  letains 
It's  tesiliency  in  this  t empei atui e lange,  and 
thetmal  stability.  In  the  tests  it  appealed 
uneffected  by  the  fuinace  terapeiatuie  (I875*K), 
and  could  be  ie*used.  Theimal  conductivity  is 
veiy  low  and  it  is  uneffected  by  watei  and  most 
chemicals  except  for  hydvofluoiic  and  phosphoi ic 
acids  and  stiong  alkalies.  In  seveie  theinwil 
applications,  up  to  2300*F  continuous  exposuie, 
It  will  not  contaminate  oi  emit  offensive  odouts, 
since  It  remains  stable  and  contains  no  coiiosion 
piomoting  agents. 

The  principal  constituent  elements  of  this 
material,  depending  on  the  suppliei,  vatv  as 
foil ows : - 

Alumina  (ALjj03)  - ^6.3t;  Silica  (Si(>^  ) 
51. 9t  - 53. 2Z;  and  some  tiace  elements.  In 
blanket  form  it  is  available  in  vaiious 
thicknesses  (0.25  in  to  2,0  in),  widths  (12  in  to 
^8  in),  lengths,  and  densities  (3  to  24  p.c.f.). 
This  material's  primary  commeicial  use  is  as  a 
lefiactoiy  product  in  such  high  temptMatuie 
industiial  applications  as  expansion  joints  and 
wall  linings  in  kilns  and  furnaces,  high 
temperatuie  boilei  wall  insulation  etc.  The 
tecommended  application  is  to  pack  voids  aiound 
and  between  cables  passing  thiough  intei-flooi 
cable  openings.  The  lesiliency  of  this  pioduct. 
and  Its  ability  to  retain  this  piopeity  undet 
extieme  heat,  is  impoitant.  This  allows  the 
fibie  to  be  packed  through  a small  opening;  if  a 
void  exists  on  the  othei  side  the  fibie  will 
expand  to  fill  that  void  until  its  tesiliency 
causes  it  to  "spiing"  back  through  the  opening  if 
packing  continues.  This  way  voids  between  cables 
can  be  filled  in  the  closure  leducing  the  chances 
of  a "chimney"  effect  in  case  of  fire.  Similaily 
in  case  of  fiie  the  cable  sheaths  melt  oi 
otherwise  destruct  leaving  a void  which  then 
promotes  fuithei  destruction  of  the  cables 
thiough  the  closuie.  This  fibre's  lesiltency 
would  cause  such  void  to  be  filled  thus  teducing 
furthei  cable  destiuction. 

APPENDIX  4 

Vermicuiite  is  available  as  "expanded 
veimiculite"  ftom  commercial  insulation  suppliets 
in  the  "plastei  aggregate"  consistency  requited. 
Vermicuiite  is  a micaltke  clay  minetal  which  in 
Its  natuial  state  has  little  commeicial  use.  When 
heated  lapidly  to  about  570®F,  veimiculite  can 
expand  to  20  times  its  otiginal  thickness.  In 
this  state  exfoliated  (or  expanded)  veimiculite 
IS  extiemely  light  (specific  gravity  as  low  as 
0.09)  and  is  used  in  lightweight  concrete  oi 
piaster,  for  theimal  and  acoustic  insulation  etc. 
The  application  of  this  material  is  as  the  major 
aggregate  in  the  vermicuiite  cement  which 
provides  the  "topping"  foi  the  closure  method. 

APPENDIX  5 

These  cables  are  secured  to  the  bars  of  the 
ladder  type  cable  racks  with  cord.  Two  or  more 
cables,  depending  on  size  (for  approximately  2 
square  inches  in  cross-section),  are  secured 


lightly  undei  one  slilch,  thus  const iicting  any 
potential  passage  of  an,  gas,  etc.  Stitches  aie 
continuous  wtieie  a laige  nuabei  of  cables  aie 
involved  ot , each  succeeding  stitch  is  anchoied 
to  the  pieceeding  one.  The  fust  layei,  of 
couise,  IS  also  anchoied  to  the  hais  of  the  cable 
lack,  these  bats  being  on  9 inch  centtes.  Cables 
secuied  theieto  oust  be  ftee  of  ciosses, 
twist>  etc.,  these  requi  resient  s being  quite 
strictly  enforced  in  the  author's  experience. 
This  manner  of  securing  has  the  added  advantage 
of  optimizing  the  cable  rack  capacity.  Thus  the 
vertical  cable  column  beciMses  a rigid  unit  with 
the  cable  mass  constricted  at  every  9 inches. 

APPENDIX  6 

Fire  retardant  mastics  are  available 
several  sources  and  a typical  description  would 
be  that  the  material  is  viscous,  fibre* 
containing,  and  may  be  applied  by  brush,  spray  or 
painter's  mitt.  Its  principal  commercial  use 
would  be  as  a high-build  mastic  coating  designed 
to  protect  group  cable  against  fire  propagation. 
It  would  be  tested  in  various  tests  such  as  Fire 
Propagation  of  Free  Film,  Insulation  Tests, 
Tempera! u.-e  St  abi  1 1 zat  ion.  Salt  Water  Immersion, 
Thermal  Shock,  Fire  Test,  and  Dielectric 

Strength.  This  material  would  alU>w  a relatively 
easy  method  of  increasing  fire-  stopping 

capability  in  some  difficult  areas. 


Roman  \..  Medynski  was  horn  and  educated  in 
Montreal,  Canad.i.  Since  1955  he  was  employed  by 
Northern  Telecom  until  1974,  except  for  a 2 year 
period  with  Sperry  Gyroscope  in  quality  control, 
and  some  military  service.  During  this  time  he 
acquired  considerable  field  experience  with  telc- 
communicat  ions  equipment  before  entering  the 
engineering  department  of  Northern  Telecom.  This 
latter  experience  included  Installation  Engineer- 
ing, F.quipment  Application  Engineering-  Building 
Studies.  Since  1974  Roman  has  been  with  BNR- 
Systems  Consulting.  Involvement  with  the  cable 
penetrations  started  in  1975  and  was  quite 
propitious  as  this  item  was  a perennial  problem 
during  his  Northern  Telecom  days. 


DESIGN  AND  PERFORMANCE  OF  AN  OPTICAL  CABLE 
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Abstract 

The  design  and  performance  of  an  ex- 
ploratory optical  cable  is  discussed.  The 
emphasis  is  placed  on  current  cable  de- 
sign: optical  performance  - loss,  band- 
width and  long  term  aging;  mechanical  per- 
formance - tensile,  bend  and  low  tempera- 
ture handling;  and  future  design  and  per- 
formance directions. 


Introduction 

Bell  Laboratories  has  in  recent  years 
been  very  active  in  the  development  of 
lightwave  communications  technology.^  In 
1976  an  experimental  optical  fiber  trans- 
mission system  (designated  FT3)  operating 
at  44.736  Mb/s  (DS3) , the  third  level  of 
the  Bell  System  Digital  hierarchy,  was 
tested  at  the  Bell  Labs/Western  Electric 
facility  in  Atlanta,  Georgia.^  The  DS3 
signal  is  the  equivalent  of  28  T1  signals, 
or  a capacity  of  672  voice  channels  per 
fiber.  For  the  Atlanta  Lightguide  System 
Experiment,  the  optical  cable,  which  has 
a 12nun  OD,  contained  144  optical  fibers 
with  a potential  capacity  of  nearly 
50,000  two-way  voice  channels.  The  advan- 
tages offered  by  this  new  transmission 
medium  over  conventional  copper  links  are 
many.  For  example,  optical  cables  can 
provide  large  information  carrying  capa- 
city, and  at  the  same  time  can  be  smaller 
in  size,  lighter  in  weight,  more  immune  to 
interference,  more  difficult  to  tap,  and 
hold  promise  of  being  more  economical  than 
their  equivalent  Tnetallic  counterparts. 
This  paper  will  consider  the  design  and 
performance  of  the  high  capacity  explora- 
tory optical  cable  used  in  the  Atlanta 
Lightguide  System  Experiment. 

Optical  Cable  Design 

The  major  consideration  in  the  Bell 
Labs  optical  cable  design  was  the  simpli- 
fication of  the  task  of  splicing  the  opti- 
cal fibers.^  This  concern  provided  the 
impetus  for  a planar  type  assembly  for 
holding  the  fibers.  The  linear  array 


ribbon^  concept  is  attractive  from  the 
splicing  standpoint  since  groups  of 
fibers  can  be  handled  at  once  with  relax- 
ed alignment  requirements  needed  to 
accomplish  mass  field  splicing.  In  the 
Bell  Labs  optical  cable  design,  12  of  the 
fiber  ribbons  (see  Figure  1)  are  stacked 
in  a rectangular  array  which  facilitates 
the  application  of  factory-applied  cable 
connectors.  Eacn  of  the  12  ribbons 
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contained  12  low-loss  germania-doped 
borosilicate  multimode  optical  fibers,  for 
a total  of  144  fibers  within  a single 
optical  cable.  The  developed  view  (in 
Figure  1)  of  the  fiber  optic  cable  shows 
the  various  cable  components  and  construc- 
tion used  to  achieve  a design  that  exhi- 
bits good  bending  characteristics,  thermal 
and  mechanical  Isolation,  and  high 
strength.  Optical,  mechanical,  and  long 
term  aging  performance  results  for  this 
cable  design  will  be  discussed  in  the 
following  sections. 

Optical  Performance 

During  packaging,  microscopic  pertur- 
bations of  the  fiber  axis  from  straight- 
ness can  cause  mode  coupling  and,  thus, 
add  loss  (microbending  loss*)  and  reduce 
pulse  delay  distortion.®  For  our  particu- 
lar fiber  design,  coupling  between  guided 
modes  and  the  light-radiation  field  occurs 
when  the  fiber's  axis  is  deformed  with 
periods  of  the  order  of  1mm,  and  ampli- 
tudes as  small  as  a micrometer. 


Field-worthy  cables  must  inhibit  fiber 
axis  deflections  of  this  microscopic  na- 
ture and  yet  allow  for  normal  installation 
and  nandling  procedures. 

Transmission  Loss 

The  Bell  Labs  fiber  optic  cable  made 
for  the  Atlanta  system  experiment,  which 
was  1023m  in  length,  had  134  fibers  (out 
of  the  original  144)  survive  ribbon  and 
cable  fabrication.  A 6S8m  section  of  this 
cable  (with  138  transmitting  fibers)  was 
installed  in  a standard  plastic  under- 
ground duct  system.  In  the  process  of 
ribbon  and  cable  fabrication,  the  inherent 
losses  of  the  fibers  were  increased^  be- 
cause of  microbending.  For  loss  measure- 
ments between  0.63um  and  l.OSum,  made  with 
an  incoherent  source,  the  microbending 
loss  was  essentially  independent  of  wave- 
length, as  expected. 5 The  mean  increase 
in  loss  due  to  pacl^aging  was  1.3  dB/)(m 
with  50  percent  of  the  fibers  having  an 
added  loss  less  than  1.2  dB/)tm  and  90  per- 
cent having  an  added  loss  less  than 
2.9  dBAm.' 

Light  sources  used  in  the  system 
experiment  were  gallium-aluminum-arsenidc 
lasers  operating  at  0.82um.  At  this  wave- 
length the  mean  loss  was  6.0  dB/)cm  for  the 
installed-cabled  fibers,  where  50  percent 
of  the  fibers  had  a loss  less  than  5.8  dB/ 
)cm  and  90  percent  had  a loss  less  than  8.3 
dB/)cm.  ^ 

A basic  prerequisite  for  a Bell  Sys- 
tem cable  transmission  medium  is  that  it 
be  a long-life  product.  Therefore,  aging 
studies  under  actual  field  conditions  are 
an  integral  part  of  the  overall  Bell  Labs 
evaluation  of  fiber  optic  components  for  a 
complete  fiberguide  transmission  system. 
Thus,  the  total  optical  attenuation  at 
0.63um  (He-Ne)  was  remeasured  for  the  in- 
stalled cable,  20  months  after  the  comple- 
tion of  installation.  The  measurement  re- 
peatability using  this  He-Ne  loss  set  was 
±0.2  dB/)cm  for  these  measurements.  Figure 
2 shows  a histogram  of  the  change  in 
0.63um  loss  over  this  20  month  time 
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Impulse  Response 


The  pulse  spreading  characteristics 
of  72  of  the  144  filjers  in  the  experiment 
cable  were  obtained  from  impulse  response 
measurements  ta)cen  before  and  after  c^d3le 
manufacture  and  again  after  cable  instal- 
lation. The  impulse  response  was  measured 
at  0.82iim  using  techniques  and  equipment 
described  elsewhere.® 


Assuming  the  bandwidth  to  bo  inverse- 
ly proportional  to  length  for  the  72  un- 
packaged fibers  (incomplete  mode  mixing) , 
the  mean  measured  fiber  bandwidth  at  the 
optical  3 dB  point  was  438  MHz*)oi>.  For 
the  manufactured  cable  the  mean  3 dB  point 
bandwidth  was  553  MHz  for  the  1023m  on- 
reel  length,  and  690  MHz  for  the  658m  in- 
stalled length.  Using  the  measured  band- 
width data  for  the  1023m  length  of  cabled 
fibers  and  the  658m  length  of  installed- 
cabled  fibers,  the  3 dB  bandwidth  was 
calculated  to  h>e  proportional  to 
(length)"0-50*0.17.  This  result  agrees 
with  previous  predictions  of  square  root 
of  length  dependence  for  complete  mode 
mixing. 9 Using  this  square  root  of  length 
dependence  the  mean  3 dB  bandwidth  for 
the  cabled  fibers  was  559  MHz*.^5cm.  Thus, 
the  3 dB  bandwidth  increase  in  going  from 
uncabled  to  cabled  fibers  was  121  MHz 
(27.6%)  for  a 1km  length.  However,  this 
increase  in  bandwidth  was  accompanied  by 
a mean  increase  in  loss  of  1.3  dB/)un. 
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Mechanical  Performance 

As  part  of  the  mechanical  evaluation 
of  the  Atlanta  Experiment  Cable,  several 
segments  were  subjected  to  tensile,  bend 
and  low  temperature  handling  tests. 


No  fiber  breaks  occurred  until  the  cable 
load  exceeded  1779  N.  At  a load  of  4448  N. 
more  than  85t  of  the  fibers  survived. 

These  results  arc  encouraging  in  view  of 
the  fact  that  the  cable  weighs  about  9.  4 
Newtops  per  kilometer. 


Tensile  Strength 

Two  cable  segments  approximately  15m 
long  were  loaded  in  steps  of  about  220  N 
up  to  a maximum  load  of  4448  N.  Elonga- 
tion of  a 3.0m  gauge  length  was  measured 
and  light  continuity  checks  were  t>crformod 
at  each  load  step.  Figure  3 shows  a 
typical  load-strain  curve  obtained. 

4900  r 
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The  behavior  is  linear  up  to  approximately 
4226  N after  which  the  reinforcing 
strength  members  in  the  sheath  yield  and 
the  tensile  stiffness  of  the  cable  is 
lowered.  Figure  4 gives  the  fiber  sur- 
vival versus  load  and  cable  sheath  strain 
for  the  two  samples  combined. 


0 0T3F  04.  0.03  044 


CAIll  3HIAIN  3T1AIN  IXI 

FIGURE  4 RERCENT  FIBER  SURVIVAL  VS  CABLE  LOAD 


Bending  Properties 

A ISm  segment  of  the  fiber  optic 
cable  was  subjected  to  20  reverse  bends 
over  a 76.  51  and  25cn  diameter  drum. 
Continuity  checks  of  the  cabled  fibers 
before  and  after  these  tests  showed  no 
fiber  breakage  as  a result  of  this  room 
temperature  handling. 

lx>w  Temperature  Handling 

In  anticipation  of  possible  cold 
weather  installation  conditions,  such  as 
the  Bell  System's  Chicago  Lightwave  Com- 
munications installation^^  in  March  1977, 
a number  of  0*F  mechanical  tests  were  per- 
formed. These  tests  were  intentionally 
designed  to  be  more  rigorous  than  the 
expected  field  handling,  so  as  to  prove- 
in the  mechanical  protection  characteris- 
tics of  the  cable  sheath  at  low  tempera- 
tures. Four  separate  tests  were  perfonned 
on  the  cable  at  0®F  with  fiber  continuity 
checks  made  at  the  conclusion  of  each 
test . 

Mandrel  Strength  Test.  A mandrel 
strength  tost  was  performed  to  evaluate 
the  effects  of  simultaneous  bending  and 
tension  on  the  optical  cable.  In  this 
test  a maximLim  ot  1045  N of  tension  was 
applied  to  the  cable  Scunple  as  the  sample 
was  formed  90  degrees  around  a 15cm  dia- 
meter pulley.  The  sample  was  left  under 
load  for  10  minutes  with  no  load  decay 
during  the  test.  No  mechanical  damage 
occurred  to  the  cable  samples  during  this 
test. 

Twist  Test.  This  test  evaluated  the 
effects  of  torsional  loads  about  the  cable 
axis.  In  these  tests  t.'o  cable  samples 
were  twisted  a full  360  degrees  per  30cm 
in  a direction  to  close  the  spiral  wrap  of 
the  steel  reinforcing  sheath  strength  mem- 
bers. The  sample  was  then  returned  to  the 
starting  position  and  twisted  360  degrees 
in  a direction  to  open  the  spiral  wrap  of 
the  steel  strength  members.  The  cable 
samples  survived  this  twist  test  with  no 
occurrences  of  mechanical  damage. 

Impact  Test.  An  impact  test  was  per- 
formed  in  order  to  evaluate  the  effects  of 
tools  or  equipment  being  accidentally 
dropped  on  the  cable.  The  impact  load  was 
produced  by  dropping  a weight  from  various 
heights  onto  the  cable  sample.  This  force 
is  transmitted  to  the  cable  through  a 
0.64cm  radius  impact  head.  These  tests 
were  performed  at  22.7  N-m  loads  and  each 
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sample  was  struck  ten  times.  Normal  cable 
samples  showed  no  signs  of  sheath  splits. 
Moreover,  samples  which  were  purposely 
abraded  on  rough  concrete,  such  as  might 
occur  on  a city  street,  still  showed  no 
sheath  splits. 

Reverse  Bond  Test.  This  test  evalu- 
ated the  effects  o^  tensile  and  compres- 
sive forces  when  the  cable  sample  was  bent 
around  small  diameters.  Tensile  forces 
were  produced  in  one  longitudinal  half  of 
the  cable  and  compressive  forces  were  pro- 
duced in  the  other  half  when  the  cable  was 
bent  90  degrees  around  a pulley.  The 
cable  was  then  returned  to  the  starting 
position  and  bent  90  degrees  around  a se- 
cond pulley  which  was  parallel  to  the 
first  pulley  (see  Figure  5). 
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FIGURE  S REVERSE  BEND  FIXTURE 


the  Atlanta  Fiberguide  Experiment. ^ >2  in 
fact,  the  Atlanta  Experiment  was  the  step- 
ping stone  to  the  installation  of  optical 
fiber  cables  for  the  Bell  System's  Chicago 
Lightwave  Communications  Project.  For  the 
Chicago  project  the  cables  are  of  the  same 
design  as  described  here  (except  that  they 
have  only  two  ribbons))  these  cables  are 
being  evaluated  under  actual  live-traffic 
conditions. 

As  a result  of  the  design  and  evalua- 
tion of  the  Atlanta  Experiment  optical 
cable,  designs  and  material  changes  arc 
being  investigated.  The  goal  of  these 
efforts  is  to  advance  from  a technically 
proven  design  idea  to  an  environmentally 
stable,  economical  design  which  remains 
compatible  with  real-world  handling 
conditions. 
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Ahwt  fact 

On  April  2S,  1977,  a PCM  Trunk  Carrier  SvRtcm  brgan 
carrylnjt  cv>n«nfrcl.il  telfphoni*  traffic  over  S.A 
miles  of  optical  fiber  cable.  This  was  accom- 
plished through  a Joint  experimental  venture  In 
Long  Beach,  California  between  Ceneral  Telephone  & 
Electronics  Corporat ion  and  General  Cable  C»»rpora- 
tion.  The  cable  was  placed  through  a series  of  56 
manholes  in  an  existing  conduit  trunk  route  which 
Joins  a central  office  to  a Class  4 toll  office. 
This  paper  reviews  the  cable  placing  techniques 
used  for  pulling  in  imusunlly  long  cable  sections, 
some  up  to  one  kilometer  in  length*  with  a maximum 
cable  pulling  tension  restraint  of  900  pounds. 


In^ro^u^t  lini 

It  has  become  apparent  that  the  nuinv  recent  studios 
undertaken  to  estaolish  the  feasibility  of  communi- 
cation systems  **mploying  an  optical  fiber  design 
has  produced  significant  advances  In  related  tech- 
nology. The  GTE  experimental  project  Is  a testi- 
mony to  the  feasibility  and  accelerated  progress 
that  has  been  made  in  the  field  of  optical  fiber 
cable  use  and  from  all  trend  Indications  will  con- 
tinue*. It  has  been  established  through  this 
project  that  long  underground  sections  pulls  of 
optical  fiber  cable  ran  successfully  be  nuide 
utilizing  existing  conduit  systems.  Because  the 
attemiation  (dB)  loss  of  an  optical  fiber  splice 
averages  .5  dB,  and  the  fiber  splicing  process  and 
testing  requires  considerable  time*  It  Is  desirable 
at  the  present  time  to  minimize  the  number  of 
splice  points  In  an  optical  cable  installation. 
Placing  long  uncut  lengths  of  optical  cable  tends 
to  reduce  the  number  of  required  splice  points. 

Long  section  optical  cable  pulls  reflects  the  via- 
bility of  technology  to  provide  cost-effective 
alternatives  to  the  currently  conventional  cable 
designs  through  use  of  fiber  optics  These  tech- 
nology trends  and  potential  applications  for  an 
optical  cable  design  have  been  the  subject  of  many 
worldwide  stud ies. 

Experimental  Optical  Fiber  Cable  Des ign 

The  experimental  optical  fiber  cable  was  developed 
specifically  for  the  GTE  California  project.  This 
optical  communication  system  changes  the  traditional 


electrical  for®  of  carrying  pe<»p!t*«  voices  to  a 
radicallv  new  syste®  wfiereby  speech  Is  converted 
into  streaming  Invisible  light  pulses  th.it  travel 
over  hair-thin  strands  of  ultra  pure  glass  con- 
tained In  a cable  asseably  designed  express I v for 
optical  conminlcat ions (See  figure  1) 

Inner  Gable  Properties  of  Optical  Fiber  Assembly 

The  inner  cable  design  consists  of  six  graded-Index 
optical  fiber  strands  encapsulated  in  a flat 
plastic  tape.  The  core  of  each  fiber  is  .0025  of 
an  inch  in  dl.itai^ter;  the  diameter  is  .005  of  an 
inch  with  the  cladding,  and  .006  of  an  Inch  with 
the  EVA  protective  coating.  Tw«>  fiber  strands  are 
assigned  to  carrier  svslem  si  used  for  public  tele- 
phone traffic,  two  are  held  as  spares  and  the  re- 
maining two  fibers  are  assignesi  to  carrier  systen 
used  for  testing*  training  and  demonst  rat  Ions. 
The  cable  contains  an  extruded  plastic  core  with 
two  helical  channeled  grooves  and  a center  wire  for 
additlon.il  strength. 

The  slx-flber  assemhly  (ribbon  tape)  Is  placed  in 
one  groove*  and  three  pairs  of  22-gaugc  Insulated 
copper  wires  in  the  other  groove.  One  pair  of 
wires  supplies  power  to  the  two  regenerative  re- 
peaters Installed  along  the  cable  route,  another 
pair  serves  as  an  order  wire  circuit  and  the  third 
pair  is  for  fault  locating.  The  extruded  plastic 
core  which  houses  the  optical  fibers  and  the  three 
22-gauge  pairs,  Is  wrapped  with  an  asbestos-glass 
laminated  tape. 

Structural  Properties  of  Cable  Jacket  Sheath 

Over  the  laminated  tape  covering  the  fiber  assembly 
is  a welded  .055  of  an  Inch  (55  Mils)  thick  alu- 
minum tube  covered  with  a polyethylene  Jacket. 
Covering  this  inner  plastic  Jacket  is  a corrugated 
steel  armor,  serving  as  the  prlmarv  strength  mem- 
ber* which  Is  flooded  with  an  asphaltic  compound 
thereby  providing  a moisture  barrier.  The  exposed 
surface  of  the  cable  consists  of  an  outer  polvolh- 
vlcne  Jacket;  the  cable  diameter  is  1.125  of  an 
inch  and  weighs  .45  pounds  per  foot.  The  overall 
characteristics  of  this  cable  design  prevents 
shifting  of  the  fiber  assembly  relative  to  the 
sheath,  and  provides  adequate  protection  from  rea- 
sonable bending  and  external  Impacts.  Prior  to 
being  shipped  from  the  factory,  the  cable  Is  pres- 
surized with  nifogen  at  10  PSI  which  prevents 
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mDltiturf  ponotrat  Ion,  and  aliu>  enahl«*»»  i»«nitorinK 
of  the  eable'fi  phvnlcal  inCegritv  before  atW  after 
it  iit  installed. 

Plannlnj^,,  Coordlt^U l,n^ 

Sta^eA  ^f^O.ible 

Conda 1 1^  j<ou t e 

An  exiHtlng  conduit  route*  wan  nelected  for  the 
optical  cable  installation,  chosvn  prlmarilv  on  the 
total  length  of  cable  ri*<}ulred  to  be  tested  in  the 
experiment  and  also  that  existing  conduit  and  route 
conditions  be  reasonablv  accemexHiat Inx  and  tvpical. 
The  route  connected  a central  office  to  a Class  i 
tell  office  (see  FlRure  J)  and  supported  the  plac> 
In^  of  approximately  3.^  mites  of  cable  throu);h  a 
series  of  S6  manholes.  The  route  prtwided  several 
types  of  conduit  OLiterial:  PVC,  MCD  and  ACD  (Tran* 
site).  Inconsistency  of  conduit  in^>ut  wall  p%tsi* 
cion,  within  some  manholes,  suggested  ptmslhle 
cable  pull  through  probUsns  since  ducts  were  stag- 
gered, in  some  cases,  both  hori;:ontallv  and  verti- 
cally. This  condition,  however,  later  proved  to  be 
of  minor  consequence  and  surpristnglv  did  not  pre- 
sent any  real  handicap  even  during  one*kl lonu*ter 
length  pulls. 

i>ne  of  the  more  significant  consldcrai ions  of  the 
project's  preparation  and  planning  was  the  decision 
to  verify  ..he  Integrity  of  the  c«mdult  route  In 
detail.  An  extensive  Inspection  was  made  of  the 
entire  conduit  rcute  using  a ruindrel  .ind  washing 
when  necessary;  placement  of  a )/ft-lnch  polypropyl- 
ene fish  line  (used  for  placement  of  the  primary 
c.ible  pull  line)  was  also  provided  at  this  time. 
During  inspection  of  the  conduit  system,  it  was 
found  that  numerous  PO-degree  bend:;  existed  includ- 
ing a JOO-foot  bridge  crossing  with  thrte  sweeping 
90-degreo  bends  at  each  end  of  the  crossing.  The 
bridge  condition  was  Initially  considered  to  he  the 
most  adverse  cable  placing  proble.iu  devever,  anal- 
ysis of  a test  pull  provided  the  nerossarv  data  to 
effectlvelv  deal  with  the  condition  and  provide  a 
smooth  transition  plan  for  the  optical  cable  pull. 

Cable  Staji^Injj^  aj^d_  ^*st  injj 

The  experimental  cable,  on  11  reels  (Including  one 
spare  reel),  was  delivered  to  the  staging  area 
loading  dock,  located  at  the  starling  point  of  Job 
(I.«>ng  Beach  toll  office).  I'pon  delivery,  each  reel 
was  Inspected  for  damage,  and  the  factorv  pressuri- 
zation was  checked,  rm-che-reel  attenuation  (dB) 
was  measured  for  eich  fiber;  the  cable  was  then  rc- 
pressurized  after  attenuation  measurements  were 
made. 

It  should  be  noted  that  the  cabl**  w.is  manufactured 
In  approxinuitely  onc-kl lomcter  lengths  bt'*ause  of 
the  processing  characteristics  inv(»lved  with  the 
glass  material.  Test  results  gcnerallv  indicated 
that  most  fiber  Joining  techniques  will  cause  some 
attenuation  (dB)  loss.  This  loss,  however,  cannot 
exceed  certain  attenuation  levels  within  the  cable 
system,  therefore,  long  section  p«;lls  provide  fewer 
splices  and  less  change  of  splicing  error.  It  was 


«igreed  early  in  the  project  that  maximum  cable 
length  pulla  would  be  attempted,  wherever  route 
ronditionn  a.ide  it  possible. 

A'JLAi'iiL**- Mj* 

An  invest  igat  i«»n  was  made  In  the  area  of  long 
cable  sivtion  pulls  and  relacc*d  coefficients  of 
friction,  especial Iv  since  the  cable  manufacturer 
estahlisluHl  a maximum  alltH/able  r*ible  pulling  ten- 
sion of  900  ptHinds.  In  at  templing  to  deal  with  one> 
kilometer  length  pulls,  the  900-pound  tension  limit 
presentisi  aa  interesting  hurdle.  A major  manufac- 
turer of  line  t«*nKion  mi'nltorlng  instruac*nts  was 
contacted  to  explore  the  wavs  to  accurately  monitor 
cable  and  pulling  line  tension.  The  relation  of 
co«*fficfent  of  friction  values  betw<*en  cable,  pull 
line  and  conduit  was  explored  with  a great  deal  of 
reservation,  primarily  h«H*ause  of  the  assorted  and 
intermixed  conduit  m.itctials  and  manv  9G-degree 
bends  lliaC  wi>uld  be  encountered  throughout  the 
conduit  route^^' 

In  addition  to  the  various  conduit  tNuCprlals  re- 
viewed, regarding  friction,  the  cable  pull  line 
selection  was  finind  to  bo  one  of  the  essentia!  In- 
gredients for  rvilntaining  constant  tension  smooth- 
ness during  each  section  pull.  Several  types  of 
pull  lines  were  considered  and  tested:  ?/8-inch 
polvpropy lene,  1/4-inch  wire  rope  and  l/2-lnch 
dacron  rope.  It  was  decided  that  a 13/lb-inch 
dacron  rvipe  (3SOO  leet  - continu<'us  l«ngth)  would 
be  used  based  on  acceptable  elongation  properties 
and  that  the  r<»pe  design  h.ad  been  used  bv  under- 
ground cable  placing  personnel  for  rwinv  years  as  a 
ct>mpanv  standard. 

B.ised  on  the  cst.iblished  cable  tension  monitoring 
requlrent'nts,  which  were  .irrived  at  from  prelimi- 
nary investigation  work,  it  was  agreed  that  the 
tensiometer  company  would  provide  a running  line 
tensiometer  unit,  equipped  with  a na'ter  readout  in- 
strument and  automatic  line  tension  limit  control 
(see  Figures  3 and  3A).  A sample  of  the  actual 
13/lb-inch  dacron  pull  rope  was  provided  for  proper 
calibration  of  the  tensiometer  unit.  The  pulling 
vehicle  was  mtHllfled  to  accommodate  installation  of 
the  tensiometer  unit. 

Cable  Tcs_t__PjjlJ 

Although  considerable  prellmlnarv  Information  had 
hecn  accumulated  regarding  the  handling  and  pulling 
tension  characterist Ics  of  the  optical  cable,  there 
was  still  a degree  of  doubt  as  to  the  actual  opti- 
cal cable  pulling  performance  outcome.  In  addition 
to  this  apprehension,  the  cable  BMinufactorer 
pointed  out  that  the  total  package  cost  for  the 
experimental  cable  represented  a sizable  Invest- 
ment. It  was  therefore  agreed  that  a test  pull  be 
scheduled  in  an  attempt  to  assure  favorable  cable 
placing  res*:lts. 

A coaxial  (’ATV  cable  similar  to  the  optical  cable 
in  weight  and  size  was  provided  for  the  test  pull. 
The  initial  pull  consisted  of  2000  feet  into  the 
hong  Beach  toll  office.  The  duct  route  was  encum- 
bered with  a long  250-foot  sweeping  90-degree 
approach  into  the  v.ault  with  approximately  130  feet 
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of  cable  required  to  be  pulled  around  a 26-l/2-inch 
X 4-inch  pulling  wheel,  then  up  three  floors  to  the 
terminating  equipment.  During  the  2000-fo<*t  pull* 
at  speeds  upwards  to  80  feet  per  minute,  the  cable 
tension  remained  under  550  pounds;  the  pulling  ex- 
ercise provided  the  first  positive  indic«itlon  that 
the  cable  tension  limits  would  not  be  exceeded. 


I’pon  recovery  of  the  test  cable,  by  use  of  a power 
dolly,  a second  test  pull  was  scheduled,  particu- 
larly since  there  was  ccusiderable  concern  with  the 
previously  mentioned  bridge  crossing  located  midway 
in  a 3000-foot  section.  During  this  pull,  exces- 
sive line  tension  was  experienced  numerous  tlmt*s 
requiring  detailed  investigation  work.  However, 
because  the  pull  was  under  a test  situation.  Impor- 
tant data  was  obtained  from  the  unsuccessful  pull 
and  carefully  analyzed  for  modifying  of  the  upcom- 
ing optical  cable  pull.  The  results  of  the  test 
pull  suggested  that  the  bridge  section  be  made  in 
two  pulls;  the  ruiny  sweeping  90-degree  bends 
created  excessive  drag  which  even  when  doubling  the 
amount  of  lubricating  compound  the  established  900- 
pound  tension  limit  was  exceeded.  Tlie  excessive 
tension  nevertheless  provided  an  opportuni  to 
observe  the  pull  line  tensiometer's  autom.il  Ic  limit 
control  feature  under  actual  field  conditions.  A 
preset  audible  alarm  with  warning  light  activates 
when  the  line  tension  reaches  80  percent  of  the 
900-pound  allowable  tension;  then  a second  warning 
light  is  activated  and  automatically  turns  off  t!»e 
pulling  vehicle's  engine  when  line  tension  reaches 
900  pounds.  It  was  generally  agreed  that  a depend- 
able safety  factor  had  been  built  Into  the  pulling 
system  through  use  of  the  tensiometer  device, 
thereby  eliminating  potential  cable  danuige  due  to 
over  pulling. 

Pr Imary  Equ ipment , Material  and  Tool  Select  ion 

The  following  equipment,  material  and  tool  items 
are  those  used  for  the  test  pulls  and  wore  also 
used  for  the  optical  cable  pulls: 


Sheave  - Hulling  wheel  26-1/2-lmh  X 4-inrh. 

Hl«h  I.ine  - 3/H-lnrh  polypropylene  rope. 

Pull  Line  - 13/lfi-inch  dacron  rope  (1500  feet 
contlnutms  length). 

Placing  J^nfi  Sections  of  Optical  Fiber 
Cable  B^'ornes  Jt(>ut  ijte 

The  prelimituirv  cable  test  pulls  provided  suffi- 
cient performance  results  to  opt  imlst  ic.il ly  set  in 
motion  the  placing  routine  for  the  optical  cable. 

The  placing  crt*w  consisted  of  six  craft  construc- 
tion pers<mnel  and  one  pl.icing  supervisor;  splicing 
was  performed  bv  laboratorv  technicians  with  ers^t 
splicing  personni'l  assisting.  The  first  optical 
cable  section  pull  was  general Iv  considered  a re- 
peat of  the  first  test  pull;  line  tension  readings 
were  .ipproxlin.itely  the  saim*  at  550  pounds  during 
the  2CM)0-foot  pull.  After  the  Initial  pull,  most 
feelings  of  apprehension  became  low  profile  and 
concern  was  generally  directed  more  to  the  phv.'tical 
handling  of  the  cable,  i.e.,  loading  reels  and 
positioning  at  Job  sice  In  an  attimpt  to  avoid  anv 
unnecessarv  dam.ige.  M*ist  of  the  longer  pulls  of 
3000  feet  appeared  to  have  similar  pulling  patterns; 
line  tenslims  avi-raged  approximately  800  pounds. 
Hrobablv  the  most  critical  period  during  each  sec- 
tion pull  was  when  the  cable  entered  and  left  in- 
tcrnn'dlate  manholes.  Each  of  these  locations  was 
observed  bv  placing  personnel  equipped  with  radio; 
pulling  speed  was  reduced  when  the  cable  entered 
the  manhole  and  was  increased  on  Instructions  of 
the  observer  as  the  cable  loft  the  minhole;  most 
c.ihle  pulling  spet»ds  averaged  90  feet  per  minute, 
('able  sl  ick  for  splicing  at  each  pulling  end  was 
obtained  bv  pulling  around  a 2(»-l/2-lnch  X 4-inch 
pulling  wheel.  Slack  for  Intermediate  manhole 
racking  was  obtained  tisuallv  bv  two  personnel 
phvsicallv  pulling  the  cable  bv  hand  starting  at 
the  center  n.inh«*le  location;  the  slack  pulling  was 
(onsiderahlv  easier  than  first  anticipated. 


Pulling  Vehicle  - Hvdraullc  constant  drive 
(level  wind)  bed  winch  equipped  with  3500  feet 
of  continuous  length  dacron  rope. 

2.  ,P_uJ  l_in£  Or  ip  - 40-inch  length  with  1/2- 

inch  band  clamps  for  securing  grip  on  cable. 

J,  • " Pull  rope  to  cable  grip 

(swivel  type  10,000-pound  ball  bearing  action). 

4.  Running  I.ine  Tj.'nj^lome_ter  - Equipped  with  netor 
readout  instrument  and  automatic  limit  control: 
complete  package  adapted  to  pulling  vehicle 
with  separate  12-volt  power  supply, 

5.  L^rl^ant  - Approximate  use  - 5-gallon  can  for 
each  one-ki lonetor  length  of  cable:  Base  make- 
up c<>nsists  of  a non-drvlng  gel  neutral  oil. 

8.  PJa?.^  'I**  “ cable  protection  from  con- 

duit at  manht’le  l(»<'at  as . 

7.  Cpble^  Feed  Tube  - With  split  collar. 

8.  ^^>m^mln  icat  ion  - Two-wav  hand  radio  units. 


The  techniqvies  used  for  placing  the  optical  cable 
generally  paralleled  those  of  conventional  c.ible. 
Prellminarv  iob  dlfflcultv  anticipation  was  focused 
on  unknowns  such  as  damage  to  the  cable  fr-'m  over 
pulling;  once  underway  however,  the  tensiometer 
device  provided  developing  line  tension  patterns, 
thereby  pnwioing  for  total  control  of  all  section 
ptills.  It  was  found  that  maintaining  a constant 
pulling  speed  eliminated  excessive  pulling  line 
elongation  and  cable  surging:  also,  lower  and  more 
constant  line  tension  was  experienced  during  higher 
pulling  speeds  of  80  - 100  feet  per  minute.  Hroba- 
bly  the  most  significant  c»'nt  ribtit  icn  in  obtaining 
the  relatively  stmioth  pulling  operation  was  the 
liberal  application  of  a newer  tvpe  of  pulling  com- 
pound, consisting  of  a non-drvlng  gel  neutral  oil 
base.  The  compound  is  quite  slipporv,  and  adheres 
well  to  the  cable. 

It  should  be  pointed  out  that  each  cable  section 
pull  bad  with  it  a contingency  plan  for  dealing 
with  excessive  line  tension,  should  it  build  up, 
which  could  ultimately  require  the  cable  to  be  cut 
and  spliced  at  the  nearest  Intermediate  manhole 
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;is  a last  resort.  The  total  cable  placing  werk 
effort  required  approxiraatelv  eleven  wrklnn  davs 
viih  no  si‘rious  cable  placing  danuige  experlt'nced. 

S ununary  and  Conclusion 

The  experiment  has  established  that  an  optical 
fiber  assembly  housed  in  a ridged,  heavily  struc- 
tured cable  sheath  can  be  pulled  without  danuige 
int^>  existing  underground  conduit,  in  unevtt  lengths 
up  to  one-kilometer.  The  experiment  also  estab- 
lished that,  al»^hough  the  optical  fiber  cable 
design  dictates  greater  awareness  of  handling  char- 
acteristics compared  to  conventional  cable,  conven- 
tional placing  methods  nevertheless  can  be  used. 

The  successful  cable  placing  perfornuince  was  pri- 
nuirlly  attributed  to  the  use  of  a sophist  Icated 
running  line  tensiometer  device  (operat Iona  I Iv 
simplistic)  which  pn'vided  constant  cable  tension 
observation  throughout  the  cable  placing  operation. 

Ac  k n I'w  led^e  me  n t s 

The  author  takes  this  opporlunltv  to  express  appre- 
ciation for  the  sincere  cooperation  and  work  efforts 
extended  on  the  part  of  all  associated  Outside 
Plant  Construction  personnel  who  nuide  possible  the 
success  of  the  one-kl lometer  length  optical  fiber 
cable  pulls. 
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Abstract 

The  rapid  development  of  optical  guided 
wave  technology  has  proven  its  feasibility 
in  communication  systems.’  GTE  T.abs  in 
cooperation  with  General  Telei-'henc  of 
Californiii,  GTE  Service  Corporation  of 
Stamford,  Connecticut  and  General  Cable  of 
Union  New  Jersey  has  installed  a digital 
voice,  telephone  transmission  facility, 
connecting  two  central  offices  between  Long 
Beach  and  Artesia,  California.  The  cable 
was  installed  in  3-1/2  inch  subterranean 
ducts  connecting  55  manholes  using  conven- 
tional pulling  methods.  This  paper  briefly 
describes  the  system  installed  and  discusses 
the  transmission  facility  in  some  detail. 

The  Implemented  System 

A simplified  block  diagram  of  the 
optical  transmission  system  is  shown  in 
Figure  1.  The  terminal  equipment  of  the 
system  at  Long  Beach  and  Artesia  includes 
a 24  voice  channel  T-1  bank  and  optical 
interface  equipment.  The  latter  equipment 
in  located  in  the  Line  Terminating 
Shelf  (LTS). 

Figure  1 also  shows  two  transmission 
lines  which  are  kept  fully  operational. 

Line.  #1  carries  live  telephone  traffic 
and  line  »2  is  maintained  on  standby. 

A total  of  9.1  km  of  fiber  cable  connects 
the  two  central  offices.  Twenty  splice 
points  and  two  repeaters  were  required 
to  complete  the  span.  The  transmission 
system  was  implemented  to  achieve  a 10  dB 
signal  margin.  This  design  goal,  although 
somewhat  conservative,  was  calculated  to 
insure  that  the  experimental  system  would 
remain  useful  during  the  life  of  the 
test,  even  under  severe  degradation  of 
components  or  line  losses. 

Also  shown  in  Figure  1 are  the  power 
feed  pairs  which  supply  dc  power  to  the 
span  repeaters.  One  repeater  is  supplied 


from  each  end  office.  An  older  wire  line  is 
also  piovided  for  service  communication. 

In  I'.r.e  will)  GTE  ohiectives  to  maintain 
i.;ie  higlK'st  quality  of  service,  the  optical 
transmission  system  is  backed  up  by  an 
independent  metallic  transmission  system 
whicli  is  automatica  1 ly  switched  in  if  an 
emergency  occurs.  The  metallic  facility 
used  five  repeaters  to  span  the  distance. 

Two  of  the  voice  channels  in  the 
experimental  system  are  reserved  for  test 
purposes,  with  an  additional  channel  dedicated 
to  error  monitoring  equipment.  Figure  2 
illustrates  the  layout  of  equipment  in  the 
Long  Beach  C.O.  The  four  hardware  shelves 
above  the  optical  fiber  shelf  provide  the 
necessary  dc  power,  fusing  and  lightning 
protection.  The  fiber  shelf  is  used  for 
dressing  the  fiber  lines  prior  to  enterina 
the  optical  shelf  below.  The  optical 
terminating  shelf  and  the  line  terminating 
shelf  contain  the  electrical/optical 
interface  equipment.  The  modem  interfaces 
one  of  the  voice  channel  viith  error 
detection  equipment.  The  latter  provides 
a bit  by  bit  error  chocking  in  a transmission 
path  that  leaves  the  Long  Beach  C.O.,  is 
looped  in  Artesia  C.O.  and  returns  to  L.B. 
Error  records  are  provided  by  a hard  copy 
printer  at  the  L.B.  end  only.  No  error 
monitoring  equipment  is  necessary  at  Artesia. 


Figure  3 shows  the  essential  parts  of 
the  span  repeater.  Each  line  consists  of 
an  avalanche  photodetcctor  (APD) -ampl i f ier , 
electronic  regeneration  circuits  and  an  LED 
optical  line  driver  in  each  direction.  DC 
to  dc  convertors  arc  used  to  convert  the 
single  dc  voltage  input  to  the  low  voltages 
necessary  to  supply  the  repeater  circuits. 
Also  included  is  a standard  fault  locating 
f i 1 ter. 

The  typical  attenuation 'wavelength 
characteristics  for  the  cabled  fibers  are 
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shown  in  Figure  4.  A point  of  minimum  loss 
occurs  at  820  nm.  This  matches  the  LED 
emission  wavelength  to  optimize  transmission 
as  shown  in  Figure  5.  Table  1 illustrates 
the  operating  characteristics  of  experimental 
system's  longest  link. 


seal  was  installed  immediately  above  the 
optical  rack  as  shown  in  Figure  8.  The 
cable  was  brought  up  from  the  cable  vault 
and  routed  directly  to  the  rack  whore  it 
was  stripped  back  about  8 feet  to  expose 
the  core,  fiber  tape  and  metallic  lines. 


TABLE  1 

Typical  Line  Characteristics 


FIBER  PARAMETERS 


Type 

Graded  Index 

N.A. 

0.16 

Core  Diameter 

62.5  Jim 

Fiber  Diameter 

125  Jim 

Line  Attenuation 

6.2  dB/km  (,\VG) 

PARAMETERS  FOR  LONGEST  LINK 

Line  Length 

3.6  km 

Operating  Temperature 

< 60°C 

Bit  Error  Rate 

10-8 

Receiver  Sensititivy 

—66  dBm 

Transmitter  Output 

(Out  of  2 m Fiber) 

-23  dBm 

Line  Power  Budget 

4 3 dB 

Line  Loss 

27  dB 

Splice  Loss 

5 dB 

Total  Transmissio 

Loss 

32  dB 

Transmission  Margin 

11  dB 

The  Optical 

Cable 

The  optical  cable  consists  of  six  graded 
index  fibers  mounted  in  a laminated  plastic 
tape.^  Figure  6 shows  that  the  tape  is 
loosely  fitted  in  one  of  two  channels 
created  by  a channeled  porous  plastic  rod. 
The  center  of  the  resilient  plastic  rod  is 
reinforced  by  a 0.1  inch  diameter  copper 
strength  member  which  can  also  be  used  as  a 
conductor.  Three  pairs  of  #22  insulated 
copper  lines  are  provided  in  the  other 
channel.  These  are  used  for  power  feed  and 
maintenance  service.  A welded  aluminum 
tube  encases  the  core  components  and  an 
inner  PVC  jacket  acts  as  a moisture  seal. 

A corrugated  steel  wrap  over  the  inner  jacket 
protects  the  latter  against  damage  during 
installation.  Finally,  an  outer  layer  of 
PVC  helps  to  reduce  pulling  friction.  The 
cable  obtained  in  one  km  lengths,  was  pulled 
break-free  through  55  manholes  and  is  kept 
under  a dry  air  pressure  of  10  psi.  The 
average  loss  in  the  fibers  is  6.2  dB/km. 

The  optical  system  cable  route  is  illustrated 
in  Figure  7.  This  shows  the  splice  points 
and  the  two  repeater  locations  at  2.7  and 
6.4  km.  Repeater  site  assignments  were 
influenced  by  practical  considerations  (such 
as  working  space)  as  well  as  transmission 
performance  objectives.’ 

Cable  Termination 

Pressurization  requires  that  the  cable 
ends  be  air  tight.  Consequently,  an  end 


The  laminated  fiber  tape  was  reinforced 
by  slipping  3/8  inch  PVC  tubing  over  its 
exposed  length.  The  end  seal  or  pressure 
dam  was  installed  and  fastened  above  the 
rack  with  the  fiber  tape  and  metallic  pairs 
routed  to  the  fiber  shelf  as  shown  in 
Figure  8. 

The  pressure  seal  is  formed  by  install- 
ing a plastic  tube  on  the  end  of  the  cable 
to  contain  an  epoxy  sealing  compound. 

Figure  9 illustrates  the  construction  of 
the  pressure  seal.  The  assembly  is  held 
together  with  electrical  tape.  The  latter 
also  seals  the  lower  end  of  the  pressure 
dam  while  the  contents  are  curing.  Before 
pouring,  the  sealer  cable  preparation  con- 
sists of  stripping  the  end  of  the  cable  so 
that  each  layer  is  exposed  to  the  sealing 
material  to  produce  a good  seal.  The  fiber 
tape  is  composed  of  two  laminated  plastic 
strips  enclosing  the  fibers  and  sealed  only 
at  the  edges.  This  fabrication  contributes 
to  easy  handling  of  individual  fibers  but 
also  results  in  an  air  space  between  layers 
conducive  to  pressure  leaks.  Preparation  of 
the  tape  for  splicing  the  fibers  in  the 
splice  case  includes  sealing  of  the  fiber 
tape  ends.  This  not  only  prevents  pressure 
leaks  but  also  protects  the  tape  against 
internal  pressure  which  could  destroy  it. 

Cable  Splicing 

The  laminated  plastic  tape  shown  in 
Figure  6 acts  as  a carrier  for  the  individual 
glass  fibers.  In  the  splicing  process, 
the  top  layer  of  tape  is  stripped  back 
about  3 feet  to  expose  individual  fibers. 
Three  foot  lengths  of  #24  PVC  tubing  are 
installed  over  each  fiber  to  improve  han- 
dling. Then,  the  tape  and  fibers  are 
secured  in  a "FIBER  TRANSITION"  assembly 
as  shown  in  Figure  10.  A support  pallet 
made  of  fiberglass  board  1/2  inch  wide  by 
1-1/2  indies  long  forms  a base  to  which 
the  protected  fibers  are  secured.  An  epoxy 
adhesive  holds  and  seals  the  fiber  tape  in 
place.  A short  length  of  plastic  heat 
shrink  tubing  provides  strain  relief  for 
the  transition  assembly.  Once  assembled  in 
this  fashion,  the  handling  characteristics 
of  the  fibers  approaches  that  of  wire. 

The  splicing  technique  used  in  the 
California  experiment  is  illustrated  in 
Figure  11."  After  stripping  the  ends  to 
be  joined  the  two  fibers  are  butted  in  a 
V-qroove  milled  out  of  a small  copper  block. 
The  resulting  splice  is  shown  in  exploded 
view  in  Figure  12.  An  aluminum  splint 
supports  the  splice  components.  The  fiber/ 
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V-block  as  well  as  the  end  of  the  vinyl 
tubing  are  cemented  to  the  splint  and  a 
section  of  shrink  tubing  encases  the  entire 
assembly  to  complete  the  splice.  The 
resulting  connection  is  3/16  inch  in 
diameter  and  3 inches  long. 

A diamond  cleaving  tool  is  used  to 
face  the  fiber  prior  to  splicing.  The 
cleaver  shown  in  Figure  13  resembles  a 
wire  stripper.  In  practice,  the  fiber  to 
be  faced  is  inserted  to  span  the  whole 
width  of  the  opening  at  the  head  of  the 
tool.  Upon  depressing  the  cleaver  arms  two 
small  rubber  pads  are  lowered  to  hold  the 
fiber  under  tension  and  at  the  proper 
cleaving  angle.  Activating  the  knife 
release  lever  in  the  center  of  the  tool 
drops  the  diamond  cutter  to  nick  the  fiber. 
The  tension  on  the  fiber  then  creates  a 
break  which  is  perpendicular  to  the  fiber 
axis.  Three  of  these  devices  were  used 
with  excellent  success  in  the  field  system 
installation. 

Joining  of  the  two  fibers  for  splicing 
is  accomplished  with  the  help  of  the 
splicing  tool  as  shown  in  Figure  14.  The 
photograph  shows  two  fibers  butted  on  a 
small  V-block.  The  small  blocks  are  small 
magnets  which  hold  the  fibers  in  place 
during  the  operation.  A micromanipulator 
is  provided  at  one  end  to  carefully  position 
the  fibers.  The  splicer  also  contains  a 
heater  beneath  the  V-block  surface  to  cure 
the  splice  adhesive.  Curing  time  is  about 
two  minutes.  A small  lever,  shown  at  the 
lower  left  of  the  V-block  releases  the 
completed  splice  assembly  from  the  curing 
block . 

A graph  of  typical  splice  losses  is 
shown  in  Figure  15.  Splice  losses  were 
obtained  which  remained  below  0.5  dB  for 
more  than  95%  of  the  splices. 

Conclusion 

The  9 km  optical  transmission  facility 
installed  in  California  has  been  operational 
since  April  22,  1977.  This  experimental 
system  handles  live  telephone  traffic 
between  a class  5 end  office  and  a class 
4 switching  center.  The  optical  cable  was 
placed  in  existing  underground  ducts  using 
conventional  placing  practices.  The 
intricate  problems  of  handling  the  small 
fiber  and  splicing  in  manholes  was 
successfully  solved.  The  methods  employed 
offer  a promising  solution  to  future 
applications  in  telephone  transmission 
systems . 
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Figure  1.  Experimental  T-1  Fiber  Optic 
System 


Figure  2.  Central  Office  Equipment 
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Figure  9.  Cable  End  Seal 


Figure  11. 


Splicing  Principle 


Figure  10.  Fiber  Transition  Assembly 


Figure  12.  Fiber  Splice  Assembly 


Figure  13.  Fiber  Cleaving  Tool 


Figure  14.  Splicing  Tool 
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IN'STAl.I.AriO.V  nr  A\  Ol’CWATinXAI. 
TWO- Kti.0Mi:Ti:R  1 ibi:r  optic  cabi.t 


C.  .1.  Wilhclmi,  .1.  C.  Smith,  anJ  C.  K.  Bickcl 


ITT  HTECTRO-OPTICAI.  PRO'lUCTS  lUVISION 
P.  0.  Box  ■'(U)5 


Ah  St  ract 


Roanoke,  Ciri’inia 


Six  1 - km  filler  optic  cables  have 
been  installed  in  a 10-cm  PVC  duct  svstem. 
evaluation  of  tlie  cables  after  installa- 
tion verified  that  no  fibers  were  damaged 
and  a small  decrease  in  fiber  attenuation 
occurred.  The  best  six  fibers  from  each 
cable  here  then  field  terminated  witli 
single  fiber  demountable  connectors.  Loss 
measurements  performed  on  these  connectors 
resulted  in  an  average  loss  of  approx i- 
matelv  2 dB. 


• Bit  P.rror  Rate 

• Mean  Time  Between 
Pa  i 1 lire 


n-.Tpoc 

"(ife 

• Input 'Output  electri- 
cal Signal 

I'ata  format 

• Output  lilectrical 
Signal  - !'  i g i t a 1 


«-10‘* 


7000  hours 
5000  hours 


nr; 


1 n t roduc t ion 

The  potential  use  of  fiber  optics  for 
the  transmission  of  digital  data  over  long 
distances  is  apparent.  However,  wide- 
spread use  of  such  systems  is  contingent 
upon  the  availability,  i ns t a 1 lab i 1 i ty  , 
reliability,  and  maintainability  of  the 
various  system  components.  Such  a system 
has  been  designed,  built,  installed,  and 
is  now  operational.  This  fiber  optic 
data  transmission  system  utilizes  a 
single  fiber  per  channel  to  form  an 
operational  link  between  a satellite  re- 
ceiving station  and  the  associated  data 
processing  center.  Tliis  system,  which 
is  the  largest  (and  possibly  the  first 
major)  operational  one  to  late,  is  com- 
posed of  eighteen  links,  eacli  approxi- 
mately ; km  in  lengtli.  fhe  basic  svstem 
specifications  have  been  reported  else- 
where.' Therefore,  this  paper  onlv 
briefly  discusses  these  specifications 
for  completeness  with  the  primary  empha- 
sis placed  on  reporting  on  the  fiber 
optic  cable  design,  installation,  and 
to  rm i nat ion . 

.System  Description 

The  fiber  optic  data  transmission 
system  operates  over  2 km  with  an  NRZ 
data  rate  from  100  Kb/s  to  ZO  Mb/s.  The 
overall  data  channel  performance  speci- 
f i cat  ions  arc ; 

• Distance  2 km 

• Data  Rate 


Rise/Pall  Time"  < 1 .S  nsec 

Dulse  Spread'’  <20  nsec 

• ('lit  put  lilectrical 
Signal  - \na log 


SNRS 

Peak  - to  - Peak 

>50:1 

Vo  1 1 age^* 

5tlV 

Rise/ Pa  11  Time" 

<25  nsec 

Pulse  Spread’’ 

<15  nsec 

Overshoot 

<10i 

DroopS 

Optical  Crosstalk 

<1  Ot 

(1  km) 

<50  dB 

a.  in',  to  00^  peak-to-peak  amplitude. 

b.  Change  from  input  pulse  width  to 

output  pulse  width  measured  at  .SO' 
points. 

c.  Ratio  of  pcak-to-neak  10  'IHz  suuare 

wave  signal  amplitude  out  of  10  MHz 
filter  to  R'IS  noise  out  of  filter 
with  source  constantlv  on. 

d.  I’casured  across  lOK  fl  load. 

e.  Measured  for  100  consecutive  logic 

ones  at  100  Kb/s,  NRZ. 

Tile  components  oO  the  system  are; 

• transmitter  module 

• receiver  module 

• multi -fiber  cable 

• buffered  fiber 

• one-wav  optical  connector 

ligure  1 is  a diagram  of  the  data 
channel  configuration.  The  TTl.  input  to 
the  transmitter  module  is  used  to  modu- 
late a light  emitting  diode  (I.DD) 
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oporatinj;  at  0.S2  urn.  Two-metcr  biifforoil 
fibers  are  used  to  eouple  lijilit  from 
the  transmitter  modules  to  the  multi- 
fiber  transmission  cable.  The  buffered 
fibers  have  optical  connector  plugs  on 
each  end  for  mating  with  tlie  module  Jacks 
and  multi-fiber  cable. 


fine  the  optical  power  to  the  fiber  core. 
The  glass  fiber  is  protected  against  abra 
Sion  aiul  the  degrading  effects  of  water 
bv  a double  coating  consisting  of  RTV 
•Silicone  aiul  an  e.xtruded  polvestcr  elasto- 
mer (llvtrel*').  This  double  coating  also 
reduces  the  microbending  losses  of  the 
f i b e r . 


•At  the  receiving  end  of  the  system, 
the  cable  fibers  are  terminated  with  the 
optical  connector  Jacks.  Similar  to  the 
transmitting  end,  two-meter  buffered 
fibers  arc  used  to  couple  light  to  the 
receiver  modules.  An  avalanche  photo- 
diode detector  (API))  is  used  to  maximice 
sensitivity  in  the  receiver.  The  re- 
ceiver module  supplies  tlie  required 
digital  and  analog  outputs. 

Multi-Tiber  Optical  Cable 

The  cable  designed  to  meet  the  trans- 
mission and  duct  installation  require- 
ments of  this  system  is  an  external 
strength  member,  eight -fiber,  graded 
index  cable.  As  sliown  in  the  cable 
cross  section  diagram  in  Tigurc  2,  tlie 
cable  is  formed  around  a 0.2cm  optical 
fiber  bundle.  This  bundle  (s  composed 
of  eight  fibers  helical Iv  laid  around 
0.009cm  fiber  in  the  center.  At  least 
six  of  the  fibers  were  to  be  operational 
after  installation.  In  the  formation  of 
the  cable,  a laver  of  polvurethane  is 
extruded  over  the  optical  fiber  bundle. 

To  safely  pull  a 1 km  lengtii  of  this 
cable  through  a system  of  conduit,  pines, 
and  ducts,  the  tensile  strength  of  the 
cable  must  be  greater  than  the  maximum 
anticipated  pull  force.  To  provide  the 
necessarv  tensile  strength,  Kevlar*^  -19 
strength  member  yarns  are  helically  laid 
around  the  polyurethane  cover  of  the 
fiber  bundle.  final Iv,  the  Kevlar^  is 
covered  with  Teflon*^  tape.  An  outer 
Jacket  of  polvurethane  is  then  extruded 
over  the  tape.  i'he  outer  Jacket  and 
the  strength  members  protect  the  fiber 
bundle  from  damage  due  to  crushing  as 
well  as  providing  the  necessarv  tensile 
strength.  .Also,  the  outer  pol  yvirethane 
Jacket  provides  abrasion  resistance  and 
protection  against  water. 

The  grad  e d i n d e x f i b e r s fo  r t h e 
cables  .ire  fabricated  using  a chemical 
vapor  deposition  I (AT))  process.  I'he 
finislied  fiber  is  composed  of  three  Iwisic 
l.ivers.  I'he  core  is  composed  of  doped 
silica  with  a refractive  index  profile 
which  approximates  a parabolic  distribu- 
tion from  the  center  of  the  core  to  the 
edg.e  of  the  cladding.  Ihe  cladding 
around  the  core  is  formed  bv  a laver  of 
bo  ros  i 1 i c .1 1 e . 

The  cladding  provides  the  index  of 
refraction  difference  necessarv’  to  con- 


To meet  the  system  power  link  budget, 
the  maximum  attenuation  was  specified  to 
be  less  than  10  dB'km  with  an  average 
attenuation  of  less  than  9 dB/km  per 
cable.  In  addition,  each  of  the  fibers 
was  required  to  have  a multimode  and 
material  dispersion  less  than  b ns/km  and 
t ns/km  respec t i vel V , vielding  a total 
dispersion  of  less  than  7.2  ns/km  (root 
sum  square  addition).  Note  that  the 
material  dispersion  assumes  .i  300  A spec- 
tral width.  \ complete  list  of  cable 
specifications  are: 


fllass  Tiber  Diameter 

('able  Diameter 
Tensile  Strength 
Number  of  libers 
Isolation  Between 
Tillers 
\ 1 1 enua  t i on 


Dispersion  ('nilt  inode 
and  'later  ial) 

'I in  Bending  Radius 
I.engt  h 


0.13  t 
0.01 3mra 
b . 1 ♦ . 3mm 
130  Kg 
,S* 

^.30  dB 
<10  dB/km 
max,  9 dB/ 
km  ave. 

i".-  nsec /km 
5cm 
1 km 


*b  guar.inteed  after  installation 


A total  of  six  cables  was  installed 
for  this  svstem;  3 from  each  terminal 
to  the  midpoint.  The  average  fiber 
attenuation  for  the  installed  cables  was 
b.8l  dB/km.  A histogram  of  the  fiber 
attenuation  for  the  cables  is  given  in 
Tigure  3.  The  average  multimode  dis- 
persion for  the  fibers  was  3.4S  ns/km. 


Cab  1 e Installation 

A total  of  eight  1 - km  calbes  w.-is 
supplied  for  this  program;  six  of  which 
were  installed  in  an  underground  lOcn 
T\'C  duct  svstem.  The  installation  in- 
volved pulling  three  cables  from  each 
terminal  to  an  interconnect  hut  located 
at  app rox i ma t e 1 V the  midpoint  of  the  run. 
The  total  duct  run  was  aj'prox  im.’it  e 1 v 1.8 
km  in  length  with  manholes  located  everv 
inOm.  At  the  processing  center,  the 
cables  were  pulled  up  tlie  side  of  the 
building  through  a metal  duct,  laid 
across  the  roof,  routed  through  the  roof 
to  a cable  tr.iv.  and  then  brought  into 
the  termin.’il  rack.  \t  the  antenna  site, 
the  c.’iblos  entered  the  building  through 
the  floor  and  were  routed  under  a false 
floor  to  the  terminal  rack. 
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To  allow  the  three  tables  to  he 
pulled  simul taneouslv < a rack  was  built 
to  support  and  pay  off  the  cables  (see 
figure  4).  Tne  rack  was  positioned 
directly  over  the  starting  manholes  which 
were  located  just  outside  the  two  termini- 
nal  buildings.  The  three  cables  passed 
down  into  tlie  manhole  through  a funnel 
which  was  filled  with  cable  lubricant  to 
reduce  the  coefficient  of  friction  of 
the  cables. 

In  each  of  the  manholes,  pulleys 
were  used  to  align  the  cable  in  both  the 
input  and  output  ports  of  the  manholes. 
This  allowed  the  cables  to  be  pulled  bv 
a winch  from  the  midpoint  rather  than 
having  to  use  a series  of  shorter  pulls 
to  eacli  manhole  in  which  a change  in 
direction  occurred.  The  cables  were 
pulled  to  the  winch  which  was  located 
above  the  first  manhole  beyond  the  mid- 
point and  then  back  pulled  to  [irovide  the 
nccessarv  excess  cable  for  dressing  in 
each  manhole  and  for  termination. 

A spring  gauge  was  attached  to  the 
cable  to  monitor  the  tensile  load  at  the 
winch.  In  addition  to  monitoring  the 
force  at  the  end  point,  a reading  was 
taken  in  each  manliole  when  the  cable 
reached  that  point  to  determine  the 
force  on  the  pull  cord  and  the  force 
actual Iv  on  the  cables.  The  maximum 
force  exerted  on  the  cables  for  this 
installation  was  between  18--“  Kg  per 
cab  1 e . 

A continuity  check,  performed 
after  the  cables  were  installed,  verified 
that  no  fibers  were  damaged  as  a result 
of  the  installation.  Loss  measurements 
were  then  performed  on  each  fiber.  An 
I.LP  source  was  used  to  inject  light  into 
one  end  of  a fiber,  while  an  optical 
power  meter  was  used  to  measure  the  light 
out  of  tlie  other  end.  fhe  fiber  was  then 
cut  approx imate 1 V one  meter  from  the  in 
jeetion  end  to  measure  tlie  power  injected 
into  the  fiber.  The  difference  in  the 
readings  was  the  cable  attenuation.  Note 
that  tile  substrate  light  was  removed 
prior  to  these  measurements.  The  re- 
sulting fiber  attenuations  in  all  cases 
were  slightly  less  than  the  attenuations 
measured  in  the  labor.itory  before  in- 
stallation. 

Cable  Termination 

\fter  the  installation  .and  check- 
out of  the  six  cables,  the  best  six 
fibers  from  each  cable  were  terminated 
with  single  fiber  demountable  connectors. 
The  connector  used  for  this  system  was 
designed  by  ITT  Optical  l.i|uipment  I'ivi- 
sion  (I.eeds,  1I.K.1.  The  fiber  alignment 
mechanism  for  the  connector  consists  of 
a watch  jewel  bearing  located  within 


a precision  machined  stainless  steel 
ferrule  (see  figure  S).  In  the  center 
of  the  jewel  bearing  is  a precision  hole 
into  which  the  optical  fiber  is  inserted. 

The  terminated  ferrules  are  placed 
in  a precision  alignment  sleeve  which 
aligns  the  two  fiber  cores.  Both  of  the 
ferrules  are  spring  loaded  to  ensure  that 
the  fibers  are  abutted.  Vs  shown  in 
I'igure  0,  the  alignment  sleeve  is  housed 
in  the  connector  body,  while  the  ferrules 
are  screwed  into  the  bodv  through  the 
use  of  the  knurled  caps  and  threaded 
s 1 eeves . 

Two  installation  techniques  were 
examined  during  the  field  terminations; 
in  scribe  and  breai , and  (Ij  polishing. 
Both  techniques  followed  the  same  pro- 
cedure except  for  the  final  end  prepara- 
tion. Basicallv,  this  procedure  involved 
stripping  the  outer  jackets  from  the 
fiber,  measuring  the  fiber  diameter, 
selecting  a ieweled  ferrule  of  the 
appropriate  si:e,  "fire  polishing"  the 
end  of  fiber  to  ensure  all  of  the  plas- 
tic coatings  have  been  removed,  and 
epoxving  the  fiber  inside  the  ferrule. 

In  using  the  scribe  and  break 
technique,  the  fiber  end  was  prepared 
prior  to  epoxving  the  fiber  in  the 
ferrule.  To  prepare  the  fiber  end,  a 
small  scratch  was  made  in  fiber  using 
a diamond  scribe.  The  fiber  was  then 
broken  at  the  point  of  the  scratch. 

This  procedure  yielded  flat  mirror 
finished  ends  perpendicular  to  the  fiber 
axis.  IVith  the  aid  of  a mechanical 
fixture,  the  fiber  was  positioned  in 
the  ferrule  with  the  end  within  a few 
microns  of,  hut  recessed  from,  the  end 
of  the  ferrule.  Using  this  technique, 
the  termination  was  completed  as  soon 
as  the  epoxv  cured.  However,  prepara- 
tion time,  difficulties  in  use  of  mech- 
anical system,  and  vield  ('vbOll  made 
this  approach  unacceptable  for  field 
use . 

The  second  approach  employed  for 
the  field  termintions,  polishing,  proved 
to  bo  somewhat  more  acceptable.  In  this 
approach,  the  fiber  was  cut  approximately 
0.8cm  from  the  livtrel*'  coating,  epoxied 
into  the  ferrule  with  approximately  0.2cm 
of  fiber  extending  bevond  the  end  of  the 
ferrule,  and  then  polished  to  vield  a 
flat  mirrored  finish  on  the  fiber.  The 
polishing  procedure  used  bOO  grit 
polishing  naper  to  grind  the  fiber  end 
down  to  the  ferrule  surface.  \ 1 urn 
polishing  solution  was  then  used  to  pro- 
duce the  mirror  like  fiber  end.  Note 
that  all  of  fhe  polishing  was  performed 
with  the  ferrule  in  a special  fixture 
to  ensure  that  the  end  would  he  perpen- 
dicular to  the  fiber  axis.  The  polishing 
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technique  resulted  in  an  easier  proce- 
dure for  both  field  and  factory  itnple- 
mentation,  and  gave  a higher  vicld  (>y(tt). 

The  attenuation  of  eacli  field  in- 
stalled connector  was  then  measured.  The 
technique  used  for  these  loss  measure- 
ments was:  (1)  inject  light  from  an 
LED  source  into  the  fiber  of  interest; 

(2)  measure  the  light  out  of  the  ter- 
minated fiber;  (3)  connect  a short 
"standard”  fiber  to  the  terminated  fiber; 
and  (4)  measure  the  power  out  of  the 
short  fiber.  The  connector  loss  was 
the  difference  in  the  two  measurements. 

By  transmitting  the  light  through 
appro.ximately  1 km  of  fiber,  all  of 
the  substrate  light  was  removed  prior 
to  the  connector.  In  addition,  the 
short  "standard"  fiber  also  had  the 
substrate  light  removed  so  that  the 
connector  loss  measurements  only  related 
the  optical  power  in  the  fiber  core  be- 
fore the  connector  to  the  light  in  the 
core  after  the  connector.  Typical  re- 
sults of  these  measurements  are  given 
in  the  histogram  in  Figure  ".  These 
results  show  that  in  most  cases  that 
the  connector  losses  were  below  1.5  dB. 

As  a final  check,  the  end-to-end 
attenuation  for  the  cables  and  field 
installed  connectors  was  measured  for 
each  of  the  eighteen  data  channels. 

These  measurements  were  made  using  an 
LEP  transmitter  connected  to  a short 
buffered  fiber.  The  power  was  measured 
out  of  the  buffered  fiber  and  then 
connected  to  the  transmission  cable 
fiber.  .A  second  buffered  fiber  was 
connected  to  the  transmission  cable 
at  the  receiver  end.  The  optical  out- 
put of  the  receiver  buffered  fiber  was 
then  measured.  The  end-to-end  loss  was 
the  difference  in  the  two  measurements. 

The  results  of  these  measurements  are 
summarized  in  Figure  8.  The  link  power 
budget  specification  allowed  for  a 
total  end-to-end  attenuation  of  23  dB. 

As  seen  in  Figure  8,  the  worst  case  loss 
was  approximately  3 dB  less  than  the 
maximum  allowable  loss  of  23  dB  with 
a 5 dP  improvement  being  more  tvpical. 


Cone  1 us  ions 

This  field  installation  has  shown 
that  the  eight -fiber  external  strength 
member  cable  can  be  duct  installed 
without  degrading  cable  performance. 

It  was  found  that  for  both  field  and 
factor  demountable  single  fiber  con- 
nectors, iiolishinp  for  end  preparation 
w;is  preferable  to  tlie  scribe  and  break 
techniiiue.  In  addition,  the  field  in- 
stallation verified  that  the  same 
termination  results  were  achievable  in 
both  the  field  and  laboratorv  inviron- 
nents.  The  results  o*"  this  svstem  in- 
stallation. termination,  and  check-out 
substantiate  the  fact  that  manv  tvpes  of 
fiber  optic  svsters  are  realistic  todav. 
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ABSTKACT 

:4a!iy  at'plicutions  for  optioai  fibert-  such 
as  data  bussiii*?  ir.  telephone  svitchir.t;  rystens 
quire  iar#?e  numbers  of  short  (up  to  1000  ft.  lorip) 
single  fiber  links  having  high  perforr.anoe  stan- 
dards ana  reliability,  llie  nur.eric£u  aperture 
(NA)  and  physical  .iir.ensionr.  of  the  fiber  are 
often  governed  by  such  factors  as  the  brightness 
of  the  light  source,  the  consi* Ivity  of  the  detec- 
tor, the  data  rate  of  the  link,  etc.  i*he;.e  pro- 
perties impact  upon  the  materials  and  structure 
chosen  for  cabling  the  fiber  in  a major  way,  Kor 
example  added  losses  due  to  microbeniing  during 
cable  fabrication  are  strongly  dependent  on  fiber 
:IA  and  di'ur.cter,  as  well  as  on  the  properties  of 
the  raterials  used  for  coating  and  packaging  the 
fiber.  We  have  studied  the  added  losses  ass  - 
ciated  with  Jacketing  coated  fibers  with  extruded 
thermoplastics  such  as  TVC  and  thermoplast. ic  elas- 
tomers of  different  modulus  value. 

The  strength  of  the  optical  fiber  data  links 
bear  importantly  on  their  reliability.  W’e  present 
typical  strength  distribut ions  obtained  for  coated 
furnace-drawn  data  link  fibers.  Mininvur.  strengths, 
guaranteed  by  proof  testing,  are  used  as  pjirameters 
for  the  design  of  arfuniJ  yarn-reinforced  cables. 

We  have  evaluated  the  tensile  load  bearing  capa- 
bilities of  these  reinforced  cables  as  well  as 
their  bending  characteristics  under  lead.  Failure 
mechanisms  under  these  deformations  are  de.scribed. 

INTH*^DUCTIOt; 

When  an  optical  fiber  is  placed  in  a struc- 
ture which  imposes  rrindom  bends  on  Itc.  axis,  added 
losses  result  due  to  coupling  of  guided  nodes  to 
radiation  mcKios.  This  phenomenon,  known  as  micro- 
bending,  is  strongly  dependent  upon  fiber  dimen- 
sions and  NA  and  also  on  the  properties  of  the 
material(s)  us^'d  to  coat  the  fiber.  Kxperlence 
has  slu’wn  that  soft  coatings  with  moduli  of  10,000 
psi  and  below  are  very  effective  in  reducing 
microbending  loss"^ , particularly  in  the  case  of 
fibers  with  reasonably  high  NA  (>0,i0).  These 
coatings  serve  to  cushion  the  fiber  axis  from 
i rregt-Llnr i t ies  imposed  by  the  outside  structiire. 

Of  course  it  in  important  that  the  fiber  coating 
be  as  smooth  as  possible  so  that  these  irregulari- 
ties do  not  arise  from  the  coating  itrelf. 

In  the  case  of  single  fiber  cables  the 
"structure"  into  which  *he  coated  fiber  in  placed 
Is  normally  an  extruded  Jacket.  Th*“  Jacket  can 


produce  axial  distortion  of  the  fiber  a;?  a 
re.sulT  of  stresses  caused  by  shrinkage  of  the 
Jacket  around  the  fiber  during  cooling.  Such 
stresses  are  likely  to  be  non-'uniform  on  a 
small  scale  owing  to  the  presence  of  nen- 
uniform  residual  elastic  strains,  filler  par- 
ticles and  other  solid  inclusions  and  the 
morphology  of  the  bulk  material.  Additionally 
any  non-uniform  contact  between  the  Jacket 
and  the  coated  fiber,  which  is  influenced  by 
voids  at  tile  interface  and  surface  irregularit les 
of  the  coating,  would  be  expected  to  produce 
axial  distortion  of  the  fiber. 

KXFERIt.gNTAL 

Materials 

The  Jacket  compounds  chosen  for  study  in 
this  work  were  principally  low  modulus  materials. 
Prellminarj’  experiments  demonstrated  that  large 
added  losses  result  when  small  diameter  fibers 
('tlOOum  OD)  are  packaged  in  Jackets  of  high 
modulus  materials  (^50,000  psi).  Consequently 
two  classes  of  soft  materials  were  investigated— 
thermoplastic  elastomers  and  plasticized  PVC. 

The  thermoplastic  elastomers  were  block  copol^miers 
of  two  types— polyolefins  and  polyesters.  In  the 
polyolefin  type  polypropylene  blocks  form  the 
crystalli zabie  segment  and  the  amorphous  segments 
are  ethylene-propylene  copolymers.  Tlie  polyester 
type  consists  of  crystalline  and  amorphous  seg- 
ments of  poly{ether-ester ) entitles.  These 
materials  arc  available  with  a range  of  elastic 
modulus  and  hardness  values.  Generally  properties 
are  controlled  by  varying  the  sunount  of  crystal- 
line component  present  in  the  copol^Tier. 

The  plasticized  PVC  materials  used  were 
compounds  typical  of  wire  and  cable  grades. 

Modulus  is  controlled  by  varying  the  amount  and 
type  of  plasticizer  incorporated  in  the  material. 

Jackets  were  reinforced  with  aramid  filament 
yarn  to  ijierease  the  load  bearing  capabilities 
of  the  cable  structures  studied.  These  yarns 
consist  of  individual  continucus  filaments  having 
a difuneter  of  0.1*7  mils,  a tensile  modulus  of 
L.9vl0'  psi,  and  an  ultimate  elongation  of  P.J5. 
The  ultimate  breaking  load  of  a yarn  is  deter- 
mined by  the  niunber  of  filaments  it  contains, 
which  is  conventionally  expressed  in  terms  of 
denier  (=  weight  in  grams  of  9 km  of  yarn). 


1 


300 


liable  Contftrucliont< 


Three  vllfferent  reitil'oroeU  cable  structurea 
were  investigated  in  this  work  a.i  depicted  in 
Fig.  1.  Fltisticlzed  PW'  was  used  us  the  princi- 
pHi  Jacket  material  here,  and  the  modulus  and 
thickness  ol’  the  PVC  were  varied.  'IVo  aramid 
yarn  contents  were  tried,  one  consisting?  'f 
low  denier  yarns,  the  other  high  denier  yarn.-. 

In  all  cases  the  yarn  was  Iricorporated  straight 
thr  ugh  the  cable,  without  stranding  helically 
about  the  :*iber. 


RK:>ULTC  AND 


Cabling  i Microbending)  Losses 

Experiments  were  performed  to  eval-..ate  th*> 
effect  of  extruded  Jacket  .materials  on  fiber 
loss.  A long  (21'^0m)  length  of  transmission 
fiber  having  a graded  ge!Tianiur.-borosiiicrite 
core  with  an  NA  of  0.23  was  obtained.  This 
fiber  had  a 5t>Ur.  diameter  Cv^re  and  an  outer 
diameter  of  llOum  and  was  coated  with  a Ih/- 
cured  epcjxy-acrj-lute  polymer'*  at  a nominal 
tUioKness  of  2.3  mils.  The  spectral  loss 
curve  of  this  fiber  was  measured  using  a 
launch  NA  of  0.30,  as  shown  in  Fig.  2.  At 
this  launch  NA  the  fiber  was  slightly  over- 
filled which  tends  to  emphasize  the  micro- 
bending  contribution. 


The  fiber  was  Jacketed  in  200-300  meter 
lengths  to  an  outer  ditur.eter  of  ^0  mils  with 
various  thermoplastic  elastomers  listed  in 
Table  I.  The  spectral  loss  curves  for  these 
shorter  lengths  were  measured  in  the  same 
manner  as  for  the  long  length  and  a comparison 
is  shown  in  Fig.  2.  It  was  assumed  that 
the  loss  of  the  original  fiber  was  uniform 
with  length.  All  of  the  extruded  Jackets 
increase  the  loss  of  the  fiber  and  large 
differences  in  added  loss  among  the  materials 
are  evident. 


In  Fig.  3 we  plot  the  added  loss  at  820  nm, 
a typical  wavelength  ofr  a 2,aA?.As  injection 
laser,  against  the  flexural  modulus  of  the 
Jacket  material.  A strong  correlation  is 
evident.  The  polyester  elastomers  show  more 
rapid  decay  of  added  loss  after  the  fiber  is 
stored  on  a drum  for  several  days.  Thii>  decay, 
shown  in  Fig.  3»  is  caused  by  the  time-depen  lent 
relaxation  of  stresses  imposed  on  the  fiber  by 
the  viscoelastic  Jacket. 


The  resistance  of  fibers  to  microbending 
is  strongly  dependent  upon  their  dimensions  and 
!JA.  dloge's^  and  Gardner* s^  analyses  predict  that 
microbending  loss  is  approximately  inversely  pro- 
portional to  the  i*th  power  of  the  NA  and  the  2.^th 
power  of  the  fiber  outer  diameter.  Thus  large 
diamjeter,  high  NA  fibers  useful  for  data  links 
e.mploying  low  brightness  LED's  should  be  par- 
ticularly resistant  to  packaging  losses.  Tliis 
fact  is  illustratt.\i  in  Table  IT  which  shows  data 
for  four  nylon  coated  fibers  with  NA'c  ranging 
from  0.  to  0.38  and  outer  diameters  of  DPOwn. 

Theue  fibers  were  Jacketed  to  an  O.D,  of  80  mils 
with  a semi-rigid  plasticized  PVC  having  a 
flexural  modulus  of  ^0,000  psi.  Despite  the 
high  modulus  and  thickness  of  this  Jacket,  within 
experimental  error  no  added  loss  could  be  measured, 
on  the  other  hand  a smaller  diameter  (llOpm  O.D.) 

1 'wer  NA  (0,23)  nylon  coated  fiber  was  Jacketed 
with  a much  lower  modulus  (MOOO  psi)  plasticized 
PVC  of  somewhat  greater  thickness.  In  this  case* 
an  added  loss  of  dB'km  was  incurred. 

Fiber  Strength 

The  load  carryir;g  ability  of  an  optical  fiber 
cable  may  be  taker,  as  the  maximum  load  it  will 
support  over  its  entire  length  without  sustain- 
ing fiber  breaxage  at  some  point.  Thus  the 
load  rating  one  assigns  to  a cable  is  dependent 
upon  the  proof  strength  of  the  fiber.  Fiber 
strength  is  determined  by  the  degree  of  surface 
damage  imparted  to  it  during  fabrication.  Surface 
dfiT.age  arises  from  a number  of  sources,  the 
principal  ones  being  flaws  present  on  the  sur- 
face of  the  preform  which  are  not  healed  by  the 
urawing  process,  particulate  contamination  in 
the  atmosphere  of  the  heat  source,  e.g.  the 
furnace,  particulate  impurities  in  the  ccating 
material  app'lied  to  the  fiber,  and  fiber  contact 
with  the  coating  die.  Most  of  these  factors 
can  now  be  dealt  with  effectively.  Preform 
flaws  may  be  reduced  by  fire  polishing  and  care- 
ful handling,  and  a flexible  die  applicator^ 
provides  a non-contacting  technique  for  producing 
concentric  coatings.  Furnace  contamination 
remains  a difficult  problem  but  progress  is 
being  made. 

A typical  stretigth  distribution  for  an  opti- 
cal fiber  drawn  with  a Lirconia  induction  furnace 
is  represented  by  the  data  displayed  in  Fig.  ^4. 

This  is  a Weibull  plot  of  the  strength  distribution 
f r a bOO  meter  long,  llOum  dijuneter  germanium- 
borosilicatc  core,  graded-Index  fiber  broken  in  20 
meter  gauge  lengths.  Ti»e  coating  in  this  case  was 
a commercial  silicone  resin,  with  an  outer  laj'er  of 
extruded  nylon.  The  preform  was  handled  carefully, 
and  a flexible  applicator  die  was  used  to  apply  the 
silicone  coating.  The  strength  distribution  shows 
a high  strength  mode  to  the  30t  failure  level  below 
which  there  exists  a lower  strength  tail.  The  tail, 
relatively  steep,  is  attributed  to  furnace  contamina- 
tion. 


The  weakest  break  on  the  600  m long  fiber  occurred 
at  2Ub  ksi.  Such  fibers  would  readily  pass  a 
100  ksi  proof  test  over  kilometer  lengths  in  the 
great  majority  of  cases.  In  production,  however, 

35  to  50  ksi  proof  tests  are  more  normal  due  to 
less  well  controlled  processing  and  handlir.g. 

Thus  cables  must  be  designed  such  that  the  fiber 
experiences  strains  below  the  0.3  to  0.5IJ  range 
under  the  highest  loads  applied. 

Cable  Strength  Characteristics 

Cable  tensile  strength  characteristics  on 
short  gauge  lengths  are  conveniently  evaluated 
with  an  Instron  machine.  In  Fig.  5 a load  vs. 
strain  curve  at  a strain  rate  of  2.0jS/niin  is 
displayed  for  a cable  consisting  of  a 220um 
O.D.  fiber  coated  with  W cured  epoxy-acrylate 
polymer.  Jacketed  with  plasticized  PVC  (flexural 
modulus  = 1500  psi)  to  an  outer  diameter  of 
0.095  in.  Imbedded  within  the  PVC  are 
strands  of  arar.id  yarn  via  Structure  B. 

In  the  range  of  very  small  strains,  below  0.1{5, 
there  is  some  c’urvature  in  the  load-strain  curve 
as  the  individual  filaments  of  yarn  begin  to 
support  the  load.  Above  0.1$  strain  the  load 
rises  approximately  linearly  with  strain  until 
the  yarn  breaks,  usually  at  a strain  level  near 
2.0$.  In  the  case  of  this  cable,  the  load  sup- 
ported is  greater  than  100  lb.  After  the  yarn 
breaks  the  load  drops  to  a lower  value,  which 
may  be  quite  high  since  the  fiber  remains  unbroken. 
Because  the  yarn  is  usually  broken  only  at  one 
point  along  the  gauge  length,  it  continues  to 
offer  partial  reinforcement.  Thus  subsequent 
deformation  is  quite  localized  and  concentrated 
in  the  vicinity  of  the  yarn  break.  As  a result 
the  strain  axis  no  longer  reflects  the  actual 
strain  on  the  fiber.  Further  deformation  results 
ultimately  in  fiber  breakage  with  an  attendant 
drop  in  load. 

The  load  bearing  capabilities  of  the  various 
constituents  of  the  cable  (fiber.  Jacket,  rein- 
forcir-g  yarn)  may  be  analyzed  by  fabricatir*g  the 
structure  with  one  of  the  components  absent.  Thus 
in  Fig.  5 are  displayed  curves  for  the  same  cable 
structure  without  the  fiber  and  without  the  yarn 
present.  The  cable  without  the  fiber  behaves  very' 
similarly  to  the  real  cable,  and  the  load  carried 
by  the  fiber  is  given  by  the  difference  between 
these  two  curves.  The  cable  without  the  yarn 
supports  loads  which  are  very  close  to  this  dif- 
ference. This  means  that  the  PVC  Jacket  C'n- 
tributes  very  kittle  support  in  this  structure. 

The  cable  without  the  yarn  may  be  strained  to 
values  of  about  7$,  where  the  fiber  breaks. 

The  expectea  load  carried  by  each  component 
of  the  cable  at  a given  strain  may  be  calculated  by 
assuming  each  component  acts  Independently  in 
parallel  so  that  loads  are  additive.  Table  III 
therefore  compares  the  calculated  loads  carried  by 
yarn,  fiber  and  Jacket  at  1%  strain  with  those 
measured  in  the  above  experiment.  Each  individual 
filament  in  the  yarn  is  assumed  to  act  independently. 
As  may  be  seen  the  calculation  correctly  predicts 
the  loads  carried  by  the  fiber  and  Jacket  but  the 
actual  load  carried  by  the  yarn  is  about  25  to  30$ 


lower  than  expected.  This  effect  is  probably 
caused  by  a number  of  factors  including  the 
initial  curvature  in  the  load-strain  curve 
where  the  yarn  filaments  are  being  straightened 
out  and  the  lack  of  effectiveness  of  some  of  the 
yarn  filaments  due  to  breakage.  As  a conse- 
quence of  this  effect  mere  aramid  yarn  must  be 
incorporated  in  a fiber  cable  than  expected  to 
achieve  a given  degree  of  reinforcement. 

The  load  rating  of  a reinforced  fiber  cable 
depends  upon  the  proof  test  which  the  fiber 
passes.  For  example  a 35  ksi  proof  stress 
corresponds  to  a proof  strain  of  approximately 
0,33$.  Thus  the  load  rating  of  the  cable  shown 
in  Fig.  5 would  be  15  lbs.  When  fiber  proof 
strengths  are  low  it  is  especially  important  to 
minimize  the  initial  curvature  in  the  load-strain 
curve  so  that  adequate  load  ratings  may  be 
achieved.  This  is  accomplished  by  insuring  that 
the  reinforcing  yarn  lies  in  an  extended  con- 
dition in  the  cable  structure,  so  that  it  offers 
effective  reinforcement  at  as  low  a tensile  strain 
level  as  possible. 

Evaluation  of  Cable  Structures 

The  cable  structures  displayed  in  Fig.  1 were 
fabricated  and  evaluated  mechanically.  In  all 
cases  the  cables  contained  nominally  220um 
diameter  nylon  coated  fibers  and  equal  amounts 
of  aramid  filament  yarn  in  the  cross-section. 

The  PVC  material  used  was  a transparent  semi- 
rigid compound  with  a flexiiral  modulus  of 
50,000  psi. 

Load-strain  curves  are  compared  in  Fig.  6. 
Very  similar  tensile  behavior  is  exhibited  by 
the  three  structures.  All  show  yarn  rupture  at 
a strain  of  1.8  to  2.0$  at  loads  between  65  and 
75  lb.  Some  differences  ore  apparent,  however. 
Structure  A exhibits  a tendency  for  the  fiber 
to  break  when  the  yarn  ruptures.  Just  why  this 
occurs  is  not  clear,  but  it  is  worth  noting  that 
in  this  structure  the  fiber  lies  freely  in  a bed 
of  yarn,  and  therefore  may  be  stressed  indepen- 
dently of  the  cable  Jacket.  Such  stress  may  be 
incurred  at  a cable  termination.  Structure  C 
shows  excessively  high  initial  compliance  at  low 
strains.  This  behavior  probably  results  from  the 
poorer  extension  of  the  reinforcing  yarn  in  the 
structure  caused  by  longitudinal  shrinkage  of 
the  ETFE  outer  Jacket  when  it  is  tubed  over  the 
cable.  Another  deficiency  of  Structure  C is 
evident  when  the  cable  is  bent.  The  reinforcing 
yarn  is  relatively  free  to  move  in  this  structure 
because  the  thin  ETFE  sheath  is  not  bonded  to 
the  yarn  or  to  the  PVC  layer  below  it.  When 
bent,  the  yarn  on  the  tension  side  of  the  cross- 
section  slips  around  the  circumference  to  reduce 
the  tensile  stress.  This  usually  occurs  suddenly 
as  the  bending  radius  is  reduced.  When  it  occurs 
the  cable  becomes  very  easy  to  bend  locally  at 
the  point  where  the  yarn  has  slipped,  which  puts 
the  fiber  in  danger  of  breaking. 

The  above  mentioned  deficiencies  of  Struc- 
tures A and  C make  Structure  B more  viable  for 
data  link  development.  It  exhibits  good  strength 


characteristics  and  is  relatively  easy  to  fabri- 
cate. It  is  also  possible  to  mechanically  strip 
the  PVC  with  simple  tools  leaving  both  the  coated 
fiber  and  reinforcing  yarn  free  for  termination. 

The  tensile  characteristics  of  Structure  B 
are  dependent  on  the  amount  of  reinforcing  yarn 
incorporated,  the  modulus  of  the  Jacket  material 
used,  the  outer  diameter  of  the  Jacket,  and  the 
diameter  of  the  fiber  cabled.  Fig.  T shows  the 
effect  of  some  of  these  parameters  on  the  Icavi- 
strain  curve.  Comparison  of  Curves  b -ind  c demon- 
strates the  -^nmbined  effect  of  increasing  fiber 
size  from  110  pm  to  2.^0  mu*  O.D.  and  Jacket  modulus 
from  1000  psi  to  50,000  psi.  The  major  cerit*'ibu- 
tion  here  is  the  increase  in  fiber  size  since  the 
Jacket  contributes  little  to  the  load  bearing 
capabilities  of  these  cables.  The  pronounced 
initial  curvature  in  Curve  c may  be  caused  in  part 
by  compliance  of  the  lower  modulus  PVC  in  the 
grips  of  the  Instron  machine  during  the  test. 

The  effect  of  increasing  aramid-yarn  content 
is  seen  by  comparing  Curves  a anP  b.  The  load- 
strain  curve  is  most  sensitive  to  this  parameter. 


Bending 

The  bending  characteristics  of  a single 
fiber  cable  around  a radius  under  a tensile  load 
are  important  for  applications  in  which  the  cable 
is  pulled  through  troughs,  ducts,  etc.  which  con- 
tain sharp  corners.  Even  thougn  the  cable  is 
designed  to  support  the  tensile  load  applied, 
locally  high  tensile  stresses  due  to  bending  may 
cause  the  fiber  to  fail.  The  short  gauge  length 
breaking  strength  for  fibers  may  be  taken  as 
approximately  750  ksi.  This  stress  is  reu-hei 
at  bending  radii  of  30.6  and  6l,2  mils  for  110 
and  220  pm  diameter  fibers  respectively.  There- 
fore in  order  to  keep  the  fibers  frer.  breaking  it 
is  essential  to  prevent  them  from  conformitig  to 
these  small  radii. 

We  have  found  there  are  several  approaches 
which  may  be  taken  to  reduce  the  succeptibil i ty  of 
single  fiber  cables  to  breakage  by  bending  under 
load.  Use  of  a small  diameter  fiber  capable  of 
sustaining  small  bending  radii  if  the  system  peraits 
it  is  most  helpful.  Beyond  that  the  cable  Jacket 
thickness  and  stiffness  may  be  increased.  ?’or  small 
diameter  fibers  the  Jacket  may  be  made  so  thick  that 
even  when  the  cable  is  forced  to  conform  to  the 
sharpest  bend,  the  fiber  bending  radius  remains 
above  its  critical  value.  This  approach  is  not  com- 
pletely satisfactory  for  large  ii^imeter  fibers, 
however.  As  an  example  220  pm  diameter  fibers 
would  require  a Jacket  diameter  .T  at  least  0,l25  in, 
for  such  protection,  which  may  be  undesirably  large. 

Increasing  Jacket  stiffness  is  helpful  in 
reducing  the  df>gree  of  conf 'rmance  with  .-.harp  bending 
radii  under  low  tensile  loads,  e.g,  a r*»w  pounds. 

At  higher  leads  even  stiff  Jackets  yield  under  the 
high  local  tensile  stress  and  the  cable  bends  sharply. 
However  compliant  Jackets  defom  locally  h*;  the  bend, 
where  the  sharp  radius  presses  into  the  ma*eriai  so 
that  the  benltr.g  radius  experienced  by  the  fib#»r 


decreases  with  time  until  the  fiber  ultimately 
breaks.  Stiff  Jackets  offer  much  higher  resis- 
tance to  this  local  tir.e-iependent  deformation 
and  thereby  may  bo  of  great  advantage. 

lOIlCLUSIOiif 

1.  Low  modulus  thermoplastic  elastomers  and  PVC 
are  effective  Jacketing  materials  for  small 
diameter  (llOimi)  moderate  I.’A  (0.23)  fibers. 
Added  losses  as  low  as  IdB/’Km  are  pi^ssIMe 
for  such  fibers  when  the  Jacket  mrdulu.s  Is 
less  than  10,000  psi.  Large  diar.eter 
(odOum),  high  !tA  (0.3^)  fibers  are  so 
resistant  to  microbending  that  high  modulus 
materials  may  be  used  for  their  Jacketing. 

2.  Aramid  yarn  reinforcement  of  single  fiber 
cables  provides  high  breaking  loads  on  sh-rt 
gauge  length  specimens.  For  long  gauge 
lengths  the  load  rating  of  a cable  depends 
upon  the  proof  strength  of  the  fiber  and  the 
ability  of  the  yan.  to  reinforce  the  cable 
at  as  low  a tenoile  strain  as  possible 
(■^0.1^).  .’irect  imbedding  of  the  yarn 
within  the  cable  Jacket  provides  the  most 
effective  reinforcement . 

3.  The  susceptibility  of  fiber  cables  to  fiber 
breakage  by  beniing  around  a sharp  radius 
under  a tensile  load  may  be  reiuced  by 
decreasing  fiber  O.P. , and  by  increasing 
Jacket  diameter  and  stiffness. 
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STtAIN  (%) 

Fig.  5:  Load  vs  tensile  strain  for  a cable  containing 
a 220un  OD  fiber  and  a plasticized  PVC  jacket 
reinforced  with  aramid  filament  yarn. 
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Weibull  plot  of  20  m gauge  length 
tensile  strength  distribution  for 
60Cti  long,  llOum  OD  fiber  drawn  with 
a Zirconia  induction  furnace  and 
coated  with  a silicone  resin. 


STtAIN  (t) 

Load  vs  tensile  strain  for  the  reinforced 
cable  structures  depicted  in  Fig.  1.  All 
cables  contain  a 220dm  OD  nylon  coated  fiber 
and  the  same  amount  of  aramid  filament  yarns 


STRAIN  (%) 


Fig.  1‘.  Load  vs  tensile  strain  for  reinforced  cable 
structure  B;  curve  a:  220yin  OD  fiber,  high 
yarn  content,  1500  psi  PVC  flexural  modulus; 
curve  b;  220Mm  OD  fiber,  low  yarn  content, 
50,000  psi  PVC  modulus;  curve  c:  llOpm  OD 
low  yarn  content,  1000  psi  PVC  modulus. 
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Summary 

Fiber  optic  cable  systems  techno- 
logy has  advanced  significantly  over  the 
past  few  years;  early  expectations  of 
its  usefulness  have  now  developed  into 
reality.  System  and  cable  designs  have 
progressed  for  ducted,  aerial  and  ploug- 
hed cable  installations  in  urban  and 
rural  environments.  Some  field  applica- 
tions of  fiber  optic  cable  systems  are 
being  realized  in  power  utilities,  trans- 
portation utilities,  industrial  control, 
and  telecommunications.  In  particular, 
some  details  of  field  trials  in  Winnipeg 
(Manitoba),  London  (Ontario)  and  Edmonton 
(Alberta),  Canada  are  presented  in  this 
paper. 


Introduction 

The  development  of  fiber  optic  cable 
systems  has  progressed  much  more  rapidly 
than  could  have  been  anticipated  five 
years  ago,  when  the  first  major  break- 
throughs in  the  research  laboratories 
occurred.  This  technology  is  already 
competing  successfully  against  coaxial 
cable  and  microwave  systems  for  some 
applications  in  1977  - a year  which  will 
probably  be  heralded  as  the  start  of  the 
growth  phase  of  fiber  optics  as  a real 
business  opportunity.  Significant  long- 
haul  and  local  broadband  contracts  will 
have  been  let  in  North  America  by  the  end 
of  this  year.  The  first  major  optical 
fiber  supply  deal  has  been  consummated 
and  fiber  optic  cabling  has  passed  through 
its  first  phase  design  for  duct,  aerial 
and  ploughing  applications.  Injection 
laser  diodes  and  avalanche  photodiodes 
are  now  commercially  available  with 
respectable  guaranteed  lifetimes. 

Decisions  on  the  development  of 
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improved  cable  and  other  component  designs 
are  expected  to  come  not  from  the  be- 
leaguered research  scientist  in  a fiber 
optics  laboratory  but  from  a combination 
of  field  experience  and  the  participation 
of  production  cable  engineers.  Canada 
Wire  has  therefore  conducted  field  trials 
in  difficult  environments  where  ducted, 
aerial,  and  ploughed  cables  are  being 
evaluated  to  collect  long-term  perform- 
ance data. 

Duct  Installation: 

In  1976,  available  cables  were  only 
adequate  for  installation  in  ducts  or 
conduits.  Tests  on  these  cables  were 
primarily  laboratory  results  and  indicated 
little  about  performance  in  wide  ranges 
of  the  year-round  field  conditions  found 
in  Canada.  In  September  1976,  a multi- 
purpose fiber  optic  system  was  installed 
in  the  Dorsey  Converter  Station  near 
Winnipeg,  Canada.  The  cable  route,  shown 
in  Figure  1,  was  tortuous  and  the  cable 
was  installed  in  three  phases  - from  the 
center  of  the  switchyard  to  each  of  the 
two  buildings  (the  DC  Converter  Station 
and  the  AC  Rectification  Station)  and 
through  the  ducts  and  trays  on  three 
stories  of  the  DC  Converter  Station. 

Cable  installation  was  performed  by  a 
standard  crew;  other  than  loosening  the 
cable  in  a snag,  no  special  instructions 
were  given.  The  crew  had  had  no  prior 
knowledge  or  experience  with  fiber  optic 
components;  the  installation,  for  the 
600-meter  route  was  completed  by  5 tech- 
nicians and  2 supervisors  in  10  hours, 
principally  because  of  the  complexity  of 
the  route  in  the  DC  Converter  Station. 

The  fiber  optic  system,  shown  in 
Figure  ?,  employs  a 6-fiber  cable.  Each 
fiber  has  a cr us h -coa t i ng  of  nylon;  the 
strength  member  is  a stranded  high-tensile 
rope;  the  cable  jacket  is  polyurethane. 
Unless  jacket  is  greased,  dusted  or  dirty, 
the  polyurethane  material  has  the  undesir- 
able characteristics  of  high  surface 
friction;  this  is  particularly  significant 
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for  indoor  (clean)  installations  in  al- 
ready-crowded trays  or  ducts.  Installa- 
tion caused  no  fiber  breakage  or  degrada- 
tion in  the  cable  performance.  However, 
the  high  flexibility  and  small  size  of 
the  cable  in  crowded  and  open  trays  out- 
doors may  lead  to  an  installer's  heavy 
boot  inadvertantly  causing  fiber  break- 
age. 


The  transmission  capability  of  the 
system  is  three  double  half-duplex  links; 
there  is  no  redundancy  in  the  cable.  The 
links  transmit  telemetry  information  at 
1.5  ^*b/s.  The  digital  links  are  operating 
at  better  than  lO"''  B.E.R.  through  a 
very  high  interference  environment. 

The  system  has  played  through  one 
year  when  the  cable  was  exposed  to  temp- 
eratures in  the  range  of  at  best  -40°C 
to  rBO^C.  Some  cable  is  located  in  water 
and/or  oil.  Temporary  variations  in 
cable  attenuation  have  been  less  than 
5 dB/km  (the  measuring  instrument  error 
is  - 1 dB/km  for  this  project).  There 
is  no  apparent  permanent  degradation  of 
the  cable  performance  after  one  year  on 
site. 


In  implementing  the  successful 
operation  of  this  system,  it  has  been 
found  necessary  to  change  suppliers  of 
injection  laser  diodes  and  avalanche 
photodiodes  because  the  reliability  and 
operating  parameters  of  devices  available 
in  mid-1976  have  been  rapidly  super- 
ceded. 

During  the  preparation  for  this 
project,  two  multi-fiber  connectors  were 
evaluated.  One  such  connector  is  employ- 
ed in  this  system;  however,  it  is  the 
present  consensus  of  opinion  that  link 
availability  eliminates  these  connectors 
from  use  in  this  type  of  application  in 
the  future.  Both  connectors  evaluated 
are  time-consuming  to  assemble  and  dis- 
assemble (in  case  of  failure)  and  their 
current  designs  lead  to  unnecessary  risk 
of  fiber  breakage  in  or  near  the  ferrule. 

Aer i a 1 Ins  tall  a t i o n 


An  understanding  of  the  elements  of 
fiber  optic  cabling  has  been  reached  in 
1977  sufficient  to  make  a significant 
step  forward  in  the  design  of  self-suppor- 
ting aerial  cable  for  the  Canadian  envi- 
ronment. In  October  1977,  a one-kilome- 
ter length  of  self-supporting,  8-fiber 
cable  was  installed  in  London,  Ontario, 
Canada  as  part  of  the  first  major  cable 
television  supertrunk  system  being  built 
for  an  urban  environment  by  Canada  Wire 
and  Harris. 


This  system,  which  is  essentially  a 
Canadian  cable  television  industry  project, 
will  be  commissioned  in  mid-1978  to  carry 
12  television  and  FM  stereo  by  digital 
transmission  at  a typical  rate  of  322 
Mb/s.  Figure  3 shows  the  terminal  and 
repeater,  of  which  there  are  two  each  in 
the  system.  The  system  offers  extended 
broadband  services  to  satellite  communi- 
ties or  suburbs  presently  too  distant  to 
serve  economically  with  coaxial  cable 
systems.  Each  fiber  channel  has  the  capa- 
bility  of  transmitting  three  television 
channels  and  either  three  FM  channels  or 
three  DS2  streams  (i.e.  a total  of  288 
voice  circuits). 

The  cable  route,  shown  in  Figure  4, 
runs  parallel  to  an  existing  trunk  line. 

The  fiber  optic  approach  to  CATV  trunking 
will  be  evaluated  directly  against  a pre- 
ssurized one- inch  coaxial  cable  of  the 
best  performance  available  today.  Cable 
installation  again  employs  a standard 
crew  with  no  special  instructions  which 
would  make  fiber  optic  cable  less  econo- 
mical to  install  than  coaxial  cable. 

The  fiber  optic  cable,  in  this  case, 
has  its  fibers  tubed  and  protected  to 
withstand  a wide  temperature  range 
(-55°C  to  +55°C)  and  the  effects  of  wind 
(i.e.  vibration).  The  cable  also  has  to 
maintain  its  performance  under  severe 
ice-loading  conditions. 

The  injection  laser  diodes  and  ava- 
lanche photodiodes  are  being  screened  to 
meet  guaranteed  MTBF's  in  excess  of 
10,000  hours.  All  connectors  are  of  the 
single-fiber  type.  The  cable  is  being 
spliced  at  two  points  in  each  3-kilometer 
section  along  the  link.  The  cable  fabri- 
cation process  in  1977  does  not  allow  for 
large  volumes  of  fiber  optic  cable  signi- 
ficantly greater  than  one  kilometer  with 
a satisfactory  yield. 

Ploughing  Installation 

The  progress  in  fiber  optic  cable 
development  has  enabled  Canada  Wire  to 
conduct  the  first  known,  worldwide,  cable- 
ploughing  field  trial.  In  September  1977, 
Canada  Wire  ploughed  four  one-kilometer 
fiber  optic  cables,  each  of  different 
design,  to  a depth  of  1.1  meters  at  a 
rural  site  near  Edmonton,  Alberta, 

Canada  - See  Figure  5.  All  cables  were 
installed  successfully  without  any 
apparent  damage  to  fiber  transmission. 

During  ploughing,  optical  attenuation 
was  monitored  continuously;  the  results 
indicate  less  than  0.1  dB/km  variation, 
which  is  within  the  error  of  the  measuring 
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equipment.  Of  the  four  cables,  two 
designs  enabled  ploughing,  splicing  and 
testing  in  the  field  to  be  relatively 
easy.  The  other  two  cables  will  require 
some  design  improvements  to  satisfy 
specifications  which  are  being  generated 
for  this  type  of  installation. 

Continuity  data  have  been  collected; 
optical  dispersion  and  transmission  infor- 
mation are  forthcoming.  Harris  has  built 
DS4-rate  and  CATV  super tru nk- type  trans- 
mission electronics,  with  repeater,  to 
allow  monitoring  of  these  cables  under 
the  stringent  Canadian  winter  conditions. 
The  effects  of  cable  relaxation,  light- 
ning, frost  heaving  and  moisture  ingress 
are  being  considered.  Field  splicing 
has  been  conducted  and  is  being  perfected 
to  meet  standard  maintenance  practice 
and  expectations. 

Other  Considerations 

Cable  designs  for  these  applica- 
tions indicate  that,  until  it  may  be 
otherwise  proven,  the  need  for  pressuri- 
zation of  fiber  optic  cables  to  maintain 
an  HTBF  of  30  years  is  hot  justified. 

The  double  polymer  sheath  and  a silicone- 
filled  tube  (around  each  fiber)  is 
probably  sufficient  to  minimize  moisture 
ingress  and  maintain  cable  strength  for 
duct  and  aerial  installations.  The 
effect  of  moisture  at  the  fiber  surface 
is  not  presently  considered  a signifi- 
cant source  of  fiber  performance  degra- 
dation provided  the  residual  stress  on 
each  fiber  in  the  cable  and  the  fiber 
surface  parameter  are  controlled. 

For  ploughing  installation,  an 
aluminum  sheath  in  the  cable  offers  an 
imp»oved  moisture  barrier  and  the  opport- 
unity to  conduct  the  standard  high- 
voltage-to-ground  test  after  installa- 
tion and  lightning  strikes;  but  a non- 
metallic  cable  has  the  advantage  of  being 
" 1 i ghtn i ng- proof " provided  certain  insta- 
llation rules  are  observed. 

The  fiber  used  in  broadband  trans- 
mission networks  of  high  bandwidth 
(e.g.  300  Mb/s)  is  typically  better  than 
6 dB/km,  600  MHz-km  to  support  the  econo- 
mic benefits  of  this  technology.  Canada 
Wire's  results  indicate  less  than  0.2 
dB/km  excess  optical  loss  due  to  cabling 
is  readily  achievable  on,  say,  a 12-fiber 
cable;  there  is  also  insignificant  varia- 
tion in  dispersion  in  the  same  fabrication 
process . 


such  as  power  utilities,  transportation 
utilities,  industrial  control,  and  tele- 
communications. Projections  for  the 
longer  term  indicate  that  fiber  optics  is 
becoming  the  technically  superior  trans- 
mission medium;  technical  credibility  in 
this  technology  will  be  existent  and 
demonstrable  by  1980.  The  economic  ad- 
vantages of  f^ber  optics  over  copper  cable 
and  microwave  is  related  to  production 
volumes,  but  there  is  sufficient  evidence 
in  1977  that  fiber  optics  will  be  a comp- 
etitive and  preferred  technology  within 
three  years  in  major  markets.  In  North 
America,  there  are  motivations  to  use  this 
technology  extensively  as  soon  as  tech- 
nical credibility  has  been  established  by 
such  field  trials  as  have  been  outlined 
in  this  paper. 
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In  conclusion,  fiber  optics  techno- 
logy is  successfully  meeting  the  short- 
term technical  requirements  of  field 
applications  in  several  market  segments. 
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Figure  1 - Dors.-y  1 Link  Near  Winnipeg,  Manitoba 
September  1976  - Cable  Route 
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Figure  2 - Operating  Fiber  Optic  System  at  Dorsey 
Converter  Station 
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Figure  3 


Fiber  Optic  Cable  Television 
Supertrunk  System 
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Figure  4 


Cable  Television  Supertrunk 
In  London,  Ontario 
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A NEW  CABLE  JACKET  DESIGN  WITH  BUILT-IN  AXIAL  STRESS  RELIEF 


Wolfgang  Lynen  - Robert  Ney 


Lynenwerk  K.G.,  Eschweiler,  West  Germany 


Abstract 

The  described  cable  jacket  design  combines 
high  tensile  strength,  light  weight  and 
substantial  cost  savings.  The  axial 
strength  is  achieved  by  embedding  into  the 
polyethylene  cable  jacket,  during  the  ex- 
trusion operation,  at  spaced  intervals 
concentric  to  the  cable  core,  bundles  of 
glass  fibers.  Upon  cooling,  the  poly- 
ethylene shrinks  and  thereby  tightly  locks 
the  glass  fiber  bundles  within  the  jacket. 
This  cable  type  is  now  being  installed  at 
a rate  of  about  20,000  miles  per  year  in 
Europe.  In  addition  to  telephone  cables, 
the  new  design  can  be  used  in  other  cable 
types  which  have  to  withstand  high  axial 
stress  such  as  CATV'  cables  for  aerial 
installation . 


Introduction 

A cable  is  normally  designed  for  a spe- 
cific application.  This  applies  to  the 
conductor  elements  as  well  as  to  the 
jacket  which  usually  has  to  provide 
mechanical  support  and  protection  against 
the  environment  and  wear  during  normal 
use . 

cables  are  often  damaged  through  excess- 
ive axial  stress,  e.g.  during  the 
installation  of  aerial  cables,  the  plowing 
of  cables  during  direct  burial  and  also 
in  the  pulling  of  long  cable  lengths  into 
ducts.  protection  of  the  cable  core 
against  axial  stress  becomes  necessary 
whenever  the  cable  elongation,  as  a result 
of  the  axial  stress,  could  cause  permanent 
damage.  Damage  in  this  sense  is  not  only 
the  rupture  of  the  cable,  but  any  change 
in  the  transmission  properties  of  a tele- 
communication, control  or  power  cable. 

protection  against  this  kind  of  damage  is 
provided  by  stress  relief  elements  which 
have  to  be  designed  and  applied  in  such  a 


way  that  they  relieve  the  endangered  cable 
core  effectively  from  stress.  Cables 
which  are  temporarily  or  frequently 
exposed  to  high  axial  stresses  are  mainly 
aerial  cables  as  well  as  mine  and  bore 
hole  cables.  These  cables  are  installed 
over  medium  or  long  distances  without  any 
intermediate  mechanical  support.  They 
have  to  carry  their  own  weight  and  often 
even  additional  loads.  Aerial  cables  must 
also  withstand  high  tensile  forces. 

In  the  past,  metals  and  especially  steel 
were  us“d  almost  exclusively  as  materials 
for  tension  relief  elements.  For  some 
time,  however,  a new  material  is  being 
used  in  Europe  with  great  success:  glass 
fiber  yarn.  At  the  1975  IWCS  a paper  on 
"Glass  Fibre  Armoured  PIC  Trunk  Cable 
Assembled  with  Connecting  Plugs''^  was 
presented  by  AEG  Kabel  Germany.  The 
described  so-called  bandage  construction, 
developed  by  AEG,  is,  however,  designed 
primarily  for  plow-in  or  duct  installa- 
tions and  is  still  in  a testing  stage.  By 
contrast,  the  cable  jacket  design  pre- 
sented here  is  a technically  advanced 
jolution  which  has  received  the  approval 
of  the  German  Post  Office  Authorities  and 
the  German  Federal  Railway  System,  after 
long  and  careful  tests  and  is  in  actual 
service  on  a large  scale. 

The  Figure-8  cable  construction  is  widely 
used  in  the  U.S.A.  and  in  many  other  coun- 
tries around  the  world  as  aerial  telephone 
cable.  The  technical  and  economic  advan- 
tages of  the  Lyniport  cable  over  the 
Figure-8  cable  were  analyzed  in  numerous 
comparisons.  Depending  on  the  cable  size, 
the  Lyniport  cable  can  save  the  manufac- 
turer as  much  as  3C%. 

The  mechanical,  the  electrical  and,  last 
but  not  least,  the  economic  advantages  led 
to  the  success  of  the  Lyniport  cable.  The 
cable  design  and  the  manufacturing  process 
are  protected  by  patents  in  the  U.S.A.  and 
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many  other  countries. 

I am  going  to  present  and  explain  the  new 
design  in  this  paper.  The  mechanical 
properties  and  the  advantages  are  illus- 
trated with  data  from  an  actual 
installation.  Finally,  other  possible 
applications  for  the  Lyniport  cable  jacket 
will  be  discussed. 

The  design  of  the  tension  relief  construc- 
tion depends  to  a large  extent  on  the 
supporting  hardware.  It  is  desirable  to 
have  hardware  which  can  be  applied  to  any 
piece  of  the  cable,  if  possible  without 
special  preparation  of  the  cable  surface. 
The  hardware  such  as  clamps,  spirals  and 
similar  devices  are  to  be  applied  to  the 
cable,  that  is  to  the  outside  of  a pref- 
erably round  cable.  This  requires  a 
reliable  force- fit  between  the  cable 
jacket  and  the  strength  elements  within 
the  cable.  Conventional  designs  employed 
a steel  braid  or  steel  rope  through  the 
interstices  of  which  an  interlock  to  the 
cable  jacket  and,  therefore,  the  hardware 
was  accomplished. 

Design  of  the  Cable  Jacket 

As  mentioned  before,  we  have  introduced 
the  use  of  glass  fiber  yarn  instead  of  the 
traditional  metals  as  tension  relief  ele- 
ments in  cable  jackets.  Because  of  its 
brittleness  until  it  is  embedded,  the 
glass  yarn  must  be  fed  longitudinally  to 
the  jacket.  It  is  not  possible  to  work 
the  glass  yarn  by  braiding  or  twisting  as 
is  customary  for  steel  wire. 

The  glass  fiber  tension  relief  elements 
are  embedded  in  the  cable  jacket  as  a con- 
centric ring  as  shown  in  Figure  1,  The 
jacket  material  above  and  below  this  ring 
is  connected  through  bridges  between  the 
glass  yarn  bundles.  The  wall  thickness  of 
the  outer  part  of  the  cable  jacket  - above 
the  glass  yarn  layer  - corresponds  to  the 
sheath  thickness  normally  used  in  conven- 
tional cable  jackets.  A force-fit  between 
the  glass  yarns  and  the  surrounding  poly- 
ethylene is  achieved  as  a result  of  the 
shrinkage  of  the  polyethylene  during  the 
cooling.  This  volume  shrinkage  can  amount 
to  10%.  Crystalline  and  amorphous  areas 
develop  during  the  cooling  whereby  espe- 
cially the  zone  crystallization  is 
responsible  for  the  volume  shrinkage. 

This  shrinkage  causes  the  glass  yarn  bun- 
dles inserted  to  the  molten  jacket 


material  to  become  firmly  enclosed  and 
undulated.  If  used  with  suitable  hard- 
ware, this  mechanical  (and  not  chemical;) 
connection  can  be  considered  as  abso- 
lutely safe. 
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Figure  1 Cross  sectional  view  of  the  lacket  design 


Materials 


Typo  E glass  yarn  which  is  used  predomi- 
nantly for  textiles  is  just  as  suitable 
for  our  application.  We  work  presently 
with  a glass  yarn  with  glass  elements  of 
9 pm  thickness.  In  the  sizing  process 
during  the  manufacturing  of  the  glass 
yarn  the  individual  fibers  are  surrounded 
with  a starch  base  layer  to  prevent  the 
scratching  and  breaking  of  the  fiber. 

Also  successfully  tested  were  yarns  with 
a plastic  sizing.  The  glass  can  be 
obtained  in  various  sizes  or  diameters, 
measure  in  "tex"  or  "denier."  It  is  not 
necessary  to  process  the  glass  yarn  fur- 
ther, e.g.  into  a strand.  The  yarn  comes 
normally  on  bobbins  with  a capacity  of  up 
to  4 kg  (8.8  lbs),  corresponding  to  a 
length  of  about  30  km  (18  miles)  for  1360 
tex  size  yarn.  This  is  a standard  size 
yarn  available  from  any  glass  yarn  manu- 
facturer around  the  world. 

The  plastic  compound  for  the  cable  jacket 
is  polyethylene.  This,  again,  is  a 
standard  compound  available  in  almost 
identical  quality  from  any  supplier  of 
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cable  jacket  materials.  We  have  used  BASK 
Lupolen  in  large  quantities. 

The  cable  Construction 

The  glass  yarn  bundles  as  tension  relief 
elements  are  arranged  on  a circle  with  a 
space  between  each  other  corresponding  to 
about  the  yarn  bundle  diameter.  If  neces- 
sary, this  space  could  be  reduced  to  half 
the  bundle  diameter. 

The  shrinking  characteristics  of  the  poly- 
ethylene affect  the  way  the  glass  yarns 
are  bundles.  A maximum  of  10,000  tex 
glass  yarn  per  bundle  can  be  locked  into 
polyethylene.  This  key  figure  determines 
number  and  size  of  the  glass  yarns,  e.g. 

7 yarns  of  1360  tex  or  14  yarns  of  half 
this  size.  So  far  cable  jackets  have  been 
made  with  4,  5,  6 or  7 yarns  of  1360  tex 
size  per  bundle.  Kigure  2 illustrates 
other  possible  combinations.  Depending  on 
the  outer  diameter  of  the  cable,  we  have 
incorporated  12,  18,  24  or  36  yarn  bundles 
in  the  jacket. 


Requirements  for  the  Cable  Core 

There  are  no  special  requirements  for  the 
cable  core.  Normally  a plastic  tape  is 
wrapped  around  the  core  before  the  jacket 
extrusion.  The  heat  developed  during  the 
extrusion  is  about  the  same  as  during  the 
application  of  a non-re inforced  PE  jacket. 
The  glass  fiber  yarn  reinforced  cable 
jacket  can  also  be  put  over  a cable  with  a 
metal  sheath  or  outer  conductor,  e.g.  a 
CATV  coaxial  cable.  It  is  also  feasible 
to  apply  the  Lyniport  jacket  over  a petro- 
jelly  filled  core  or  in  conjunction  with  a 
laminated  plastic  metal  sheath. 

The  Application  of  the  Cable  Jacket 

The  cable  jacket  is  applied  in  a single 
extrusion  step  with  a conventional  single 
screw  extruder  suitable  for  polyethylene. 
The  extruder  can  be  operated  to  its  full 
capacity.  If  required,  a plastic  or  a 
metal  tape,  with  or  without  a copolymer 
layer,  can  be  applied  longitudinally  in 
the  same  operation. 
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The  Extruder  Head  and  Tools 

A special  extruder  head  has  been  developed 
which  permits  the  extrusion  of  the  inner 
and  the  outer  part  of  the  cable  jacket  in 
one  process  and  also  places  the  glass  yarn 
exactly  in  the  correct  position.  The 
polyethylene,  as  it  comes  from  the  ex- 
truder screw,  is  divided  into  different 
channels  thereby  supplying  the  compound  to 
the  extruder  head  tools  above  and  below 
the  glass  yarn  bundles.  Figure  3 shows 
the  extruder  head  from  the  front,  while 
Figure  4 gives  a cross  section  view. 


Figures  — View  of  the  extruder  head 


Figure  4 - Extruder  head,  cross-sectional  view 

The  two  flows  of  jacket  compound  are  each 
channeled  to  a combination  tool  consisting 
of  two  guide  nipples  and  one  nozzle  where- 
by the  second  guide  nipple  doubles  as 
nozzle  for  the  inner  jacket  part.  This 
second  nipple  contains  also  the  guide 
channels  for  the  glass  fiber  yarns.  The 
glass  yarns  leave  these  channels  in  the 
front  of  the  nipple  in  a low  pressure  zone 
and  are  then  embedded  in  the  polyethylene 
coming  up  from  the  inner  jacket. 


The  tool  consists  of  three  basic  parts, 
however,  the  inner  guide  nipple  is  made  of 
four  parts  for  manufacturing  reasons.  The 
front  part  of  this  nipple  can  be  exchanged 
and  permits  to  cover  a diameter  range  of 
about  5 mm.  Figure  5 shows  such  a tool 
set . 


Figure  5 Special  tools  for  18  glassyarn  bundles 


Special  Equipment  for  the  Jacketing  System 

In  addition  to  the  aforementioned  special 
e.xtruder  head,  a pay-off  system  and  a pre- 
heater for  the  glass  yarn  are  necessary. 
The  size  and  shape  of  the  pay-off  system 
depend  on  the  required  breaking  load  of 
the  cable  jacket,  i.e.  the  number  and  the 
size  of  the  glass  yarns.  The  number  of 
pay-off  bobbins  goes  down  as  larger  size 
glass  yarn  is  used. 

The  preheater  serves  to  heat  the  glass 
yarn  before  it  is  fed  into  the  extruder 
head  if  the  yarns  do  not  get  enough  heat 
while  passing  through  the  channels  in  the 
extruder  head.  Preheating  is  necessary 
for  production  speeds  of  more  than  20  ra 
(65  ft)  per  minute.  About  100  W per  yarn 
in  the  infrared  heater  is  required  for 
production  speeds  of  up  to  100  m (328  ft) 
per  minute. 

The  pay-off  frame  must  have  one  brake 
system  for  each  yarn  to  keep  it  under 
tension.  If  the  end  of  the  yarn  is 
brought  to  the  outside  of  the  bobbin,  it 
can  be  connected  to  the  beginning  of  the 
next  bobbin  with  a fast  drying  glue  while 
the  first  bobbin  is  still,  paying  off. 

This  assures  continuous  production  and 
permits  the  use  of  only  one  brake  for  each 
two  bobbins. 
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The  Mechanical  Properties  of  the  Cable 
Jacket 

The  main  properties  of  our  cable  jacket 
are: 

- high  axial  strength  and  low  elongation 

- good  bendability 

- good  oscillation  resistance. 

High  axial  strength  is  the  essential 
feature  of  the  Lyniport  cable  jacket.  We 
aim  at  a maximum  breaking  load  at  less 
than  2%  elongation.  This  protects  the 
usually  vulnerable  cable  cores  from  dam- 
age. One  could,  of  course,  build  a cable 
jacket  with  more  glass  fiber  yarns  so  as 
to  keep  the  elongation  even  lower. 


Pg  " 0feakir>g  io*ri  o»  the  th«ath  constfuctiof' 

Pj  ■ StfUchioq  fofcp 

Pg  * Residual  load  of  the  construction  after  break 
ft  “ ElonQaiion  in  N 

Figure  6 — Testing  of  the  LYNIPORT  cable  jacket  construction 
typical  diagram  of  elongation  due  to  traction  effort 

A stress-elongation  diagram  is  shown  in 
Figure  6.  In  the  lower  load  range  the 
elongation  increases  rapidly  to  0.5%. 
Thereafter,  as  can  be  clearly  recognized, 
the  elongation  increases  more  slowly, 
proportionally  to  the  steadily  increasing 
load  to  the  breaking  point  of  the  stress 
relief  elements.  The  flat  portion  of  this 
curve  represents  the  range  during  which 
che  undulated  yarns  are  stretched  until 
they  are  straight.  The  curve  drops 
sharply  after  the  stress  relief  elements 
are  broken  - which  proves  that  all  glass 
yarns  were  engaged  to  absorb  the  applied 
load . 

The  German  Federal  Postal  system  specified 


that  the  residual  load  Pp  may  not  exceed 
one  third  of  the  breaking  load  Pg  of  the 
cable  jacket. 

The  bendability  of  cables  with  our  new 
jacket,  despite  the  brittleness  of  the 
unsupported  glass  fiber,  does  not  change 
appreciably  as  compared  to  a cable  without 
glass  stress  relief  elements.  This 
results  from  the  glass  yarn  undulation 
which,  upon  bending,  enables  the  yarn  to 
react  like  a bellows.  Both  the  stress 
relief  elements  and  the  cable  core  will 
be  damaged  only  if  the  cable  is  bent  over 
a radius  smaller  than  permitted  for  cables 
without  stress  relief  elements.  The  mini- 
mum permissible  bending  radius  should  be 
no  less  than  20  times  the  cable  diameter. 

The  cable  is  not  susceptible  to  oscilla- 
tions which  occur  normally  with  aerial 
cables,  especially  the  Figure-8  cable. 

This  property  results  from  the  fact  that 
this  cable  is  round  and  that  the  glass 
yarns  as  supporting  elements  are  firmly 
embedded  in  the  jacket  compound. 

Extensive  oscillation  or  dancing  tests 
have  been  conducted  i,.  special  outside 
test  bays  with  50  m (164  ft)  long  spans  of 
aerial  cables  in  Europe  under  summer  and 
winter  conditions.  The  main  result  was 
that  the  tested  samples  passed  more  than 
10^  oscillations  without  any  damage. 

Advantages  of  the  New  cable  Jacket 
Construction 

The  Lyniport  cable  jacket  offers  in  com- 
parison to  cable  with  conventional 
metallic  stress  relief  elements  the 
following  advantages: 

1.  Easy  handling  in  production 

The  glass  yarn  is  incorporated  into  the 
cable  jacket  during  the  jacket  extrusion, 
while  conventional  stress  relief  elements 
(e.g.  braided  or  stranded  steel  wire) 
require  one  additional  process  step. 
External  support  elements  have  to  be 
manufactured  and  installed  separately. 
Glass  yarns  are  supplied  ready  to  use  in 
the  pay-off  devices  in  long  lengths.  A 
simple  joining  technique  permits  continu- 
ous production.  Lyniport  cables  are 
1 ight  weight  and  easy  to  handle  in 
production  and  during  testing.  By  contrast 
the  bulky  conventional  steel  scraas  relief 
elements  are  difficult  to  handle  and  can 
easily  cause  accidents. 
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. Good  strength  to  weight  ratio 

Support  elements  of  glass  yarn  feature  a 
much  better  strength  to  weight  ratio  than 
steel  wire.  The  total  weight  of  a cable 
is  thus  lower  than  the  weight  of  a compa- 
rable cable  with  steel  wire  reinforcement. 

3.  Easy  installation 

The  cross  section  of  the  new  cable  is 
round.  A round  and  lightweight  cable  is 
easier  to  install  than  the  Figure-8  cable. 
The  mounting  hardware  is  simply  a wedge- 
type  clamp  or  a spiral  wire.  The  splicing 
of  a drop  wire  to  the  cable  in  midair  can 
be  done  easily  and  fast. 

4.  Good  electric  properties 

The  transmission  properties  of  an  electric 
cable  are  normally  affected  by  metallic 
stress  relief  elements.  If  an  electric 
sh-eld  IS  not  required,,  the  use  of  glass 
yarn  instead  of  steel  wire  yields  a con- 
siderable improvement.  If  an  electric 
shield  has  to  be  incorporated  in  a cable 
with  a glass  yarn  reinforced  jacket,  such 
shield  can  be  placed  in  an  optimally 
effective  position  around  the  cable  core. 

5.  Glass  is  best  suited  chemically 

Glass  yarn  is  noncorrosive,  does  not  rot 
and  even  outlasts  the  plastic  jacketing 
materials  in  resistance  to  temperature 
extremes . 

6.  Lower  production  cost 

The  new  cable  jacket  is  more  economical  to 
make.  The  cost  advantage  in  production 
has  been  discussed  briefly  before  and 
should  not  be  neglected. 

The  Application  of  the  Lvniport  Cable 
Jacket  to  Aerial  Telephone  Cable  for  the 
German  Federal  Postal  System  (PBP) 

The  development  of  the  new  cable  jacket 
originated  from  special  requirements  of 
the  DBF  which  also  supported  the  develop- 
ment program.  The  DBF  telephone  cable 
network  is  one  of  the  main  applications 
for  our  cable  and  shall,  therefore,  be 
used  as  illustration.  We  also  initiated 
some  contacts  with  postal  administrations 
and  cable  manufacturers  in  other  countries 
and  numerous  test  programs  were  conducted 
successfully  or  are  under  way. 


The  DBF  installs  approximately  30,000  km 
(19,000  miles)  of  telephone  cable  with 
axial  stress  relief  elements  each  year. 
These  cables  are  supplied  by  five  cable 
manufacturers,  fcur  of  which  are  Lynenwerk 
licensees.  Although  these  cables  are  used 
as  dropwire,  they  must  have  the  trans- 
mission quality  of  an  exchange  cable.  As 
a rule,  they  are  installed  in  lengths  from 
about  100  m (330  ft)  to  several  kilo- 
meters, in  certain  cases  for  remote 
customers  even  in  longer  lengths.  The 
cores  of  these  cables  contain  2,  4,  6 or 
10  pairs,  stranded  into  star  quads. 

Cables  with  more  conductors  can  be  easily 
designed  and  manufactured. 

The  conductor  has  a diameter  of  0.6  mm 
(23  AWG)  and  is  insulated  with  0.25  mm 
(0.010")  polyethylene.  The  stranded  star 
quads  are  usually  wrapped  with  a poly- 
ethylene tape  over  which  an  inner 
polyethylene  jacket  is  applied.  The  core 
is  then  jacketed.  However,  on  request  of 
the  DBF,  a shield  of  a plastic  bonded  alu- 
minum tape  with  a drain  wire  of  0.6  mm 
copper  is  folded  over  the  core  longitudi- 
nally. Figure  7 shows  the  dimensions  of 
the  cable  jacket  with  the  embedded  glass 
yarn  bundles  in  columns  2 to  6. 
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Figure?  - Installation  cable  with  strain  relief 
Data  of  the  cable  jacket 

The  cable  jacket  for  the  2 pair  cable  is 
applied  by  an  extruder  with  a 90  mm  screw. 
On  this  line  we  succeeded  recently  in 
applying  simultaneously  the  inner  poly- 
ethylene jacket  over  the  cable  core.  Such 
a tandem  operation  is  very  desirable  for 
a continuous  production  in  3 shifts  as  we 
have  set  up  for  the  cables  for  the  DBF. 
This  line  operates  continuously  at  a 
speed  of  80  m/min  (250  ft/min) . 
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The  essential  elements  of  this  line  are 
shown  in  Figures  8 and  9. 


Figures  — View  from  the  extruder  towards  the  pay  off 


Figure  9 — Partial  view  on  the  feeding  frame  for  the  glassyarn 

Cables  with  larger  numbers  of  pairs  are 
jacketed  on  an  extruder  with  120  rraa  screw 
diameter.  The  production  speed  for  cable 
with  up  to  10  pairs  is  50  m/min 
(155  ft/min) . 

We  use  glass  yarn  of  1360  tex  size  as 
tension  relief  elements.  This  yarn  comes 
in  lengths  of  about  30  km  on  each  bobbin. 
The  continuous  pay-off  change  from  an 
empty  to  the  next  full  bobbin  is  possible 
through  the  use  of  our  so-called  double 
pay-off  frame.  The  end  of  one  and  the 
beginning  of  the  next  glass  yarn  are 
joined  with  a fast  drying  glue. 

The  Lyniport  cable  must  meet  demanding 
mechanical  requirements.  The  test  load 
figures  are  the  same  as  for  aerial  cables 
with  steel  strength  members,  though  the 
actual  weight  and  the  diameter  of  our 
cable  are  much  smaller. 


Figure  10  shows  the  respective  figures 
for  a 10-pair  cable.  The  mechanical 
safety  factor  for  the  new  cable  jacket 
construction  is  now  10. 
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Figure  10  — Comparison  between  various  designs  of 
self  supporting  cables  with  10  pairs 


The  tests  for  these  cables  are  done  on  a 
selective  basis  for  the  test  load,  the 
breaking  load  and  the  residual  load,  as 
was  indicated  in  Figure  2.  These  tests 
are  outlined  by  the  DBP  in  a special  pub- 
lication as  required  according  to  VDE  0472 
specification. 

The  new  cable  jacket  construction  was  - 
following  a DBP  request  - subjected  to 
several  special  tests  at  the  Lynenwerk, 
by  outside  test  laboratories  and  at  tech- 
nical universities.  These  tests  con- 
cerned mostly  the  oscillation  behavior  of 
the  cable  and  its  resistance  to  high  and 
low  temperature  extremes.  The  latter  tests 
were  conducted  with  the  wedge  type  clamps 
which  are  used  in  Germany  as  mounting 
hardware.  The  Institue  for  Application 
of  Plastic  Materials  at  the  Technical 
University  Aachen  issued  a test  report 
according  to  which  the  axial  stress  is 
transmitted  satisfactorily  between  the 
mounting  hardware  and  the  glass  yarn 
embedded  in  the  cable  jacket  even  at  cable 
temperatures  in  excess  of  60°  C (140°  F) . 


The  DBF  has  aerial  telephone  cables  with 
the  Lyniport  jacket  installed  in  their 
network  by  means  of  wedge  type  clamps,  as 
shown  in  Figure  11.  Each  supporting  point 
IS  also  a fixed  point.  At  the  same  time, 
a so-called  "plus  loop"  or  spare  loop  is 
provided,  which  can  be  used  later  on  for 
the  connection  of  additional  drop  wires. 
The  linemen  of  the  DBF  are  acquainted  with 
this  type  of  installation  technique. 

The  sag  of  the  cable  is  defined  in  tables 
as  a function  of  the  outside  temperature 
and  is  adjusted  for  each  span  length 
individually.  These  tables  are  set  up  to 
provide  the  sag  depth  for  each  span 
length/temperature  combination.  They  were 
established  from  the  cable  data  based  on 
the  so-called  starting  condition  at  a 
temperature  of  -5°  C (21°  F)  and  a sag  of 
1%  of  the  span  length. 

A different  type  o,.  mounting  hardware  as 
alternative  to  the  conventional  wedge  type 
clamp  has  been  developed  and  is  already  in 
use.  This  new  hardware  is  based  on  the 
well-known  spiral  concept  of  Freformed 
Line  Froducts  in  Cleveland,  Ohio  and  was 
developed  and  is  made  by  a licensee  of  FLF 
in  Germany. 

Further  Possible  Applications  of  the  New 
Cable  Jacket 

The  new  cable  jacket  is  not  only  suitable 
for  aerial  cables,  but  also  for  applica- 
tions where  price  or  weight  prohibited  the 
incorporation  of  conventional  stress 
relief  elements  in  the  past.  We  developed 
a complete  line  of  exchange  cables  for 
duct  installation  with  stress  relief  ele- 
ments of  glass  yarn  as  "feed-in”  or 
"pulling  help."  This  subject  has  already 
been  discussed  at  previous  meetings.  I 
refer  to  the  paper  "Engineering  for  Cable 
Installation"  by  Mr.  Fehrson^  from  General 
Cable  Corporation  where  problems  with  the 
installation  of  exchange  cables  were 
discussed  and  to /the  paper  by  Mr. 
Dagefoerde  from  AEG  which  was  already 
cited  once  before.  In  that  design  the 
axial  stress  is  transmitted  from  the 
mounting  hardware  through  the  cable 
jacket  to  a copolymer  coated  aluminum  tape 
to  which  in  turn  the  stress  absorbing 
glass  yarns  are  bonded.  The  same  applied 
to  glass  yarn  bonded  to  a textile  strip 
which  again  has  to  be  bonded  to  the 
jacket . 


Figure  1 1 — Suspension  point  for  a 10  pair  cable 


We  are  cooperating  with  an  American  cable 
manufacturer  and  the  REA  to  install, 
before  the  end  of  this  year,  two  sizes  of 
standard  U.S.  aerial  telephone  cables 
equipped  with  the  Lyniport  jacket  in  two 
different  locations  in  the  United  States. 

Further  Development  of  the  Lyniport 
Frinciple 

So  far,  because  of  certain  conditions 
described  earlier,  only  polyethylene  has 
been  used  as  material  for  the  Lyniport 
jacket.  This  has  been  based  on  the  con- 
cept that  a suitable  compound  must 
develop  a zone  crystallization  after  pass- 
ing the  solidification  temperature.  There 
are  some  other  compounds  with  this  fea- 
ture, but  they  are  not  used  for  cable 
jackets,  mainly  because  of  their  price. 

We  succeeded  recently  in  combining  glass 
yarns  with  cable  jacket  compounds  other 
than  polyethylene  with  a good  axial 
stress  transmitting  mechanical  bond.  A 
different  technology  was  required  because 
the  necessary  undulation  of  the  glass 
yarn  has  to  be  created  in  a different  way. 
It  is  now  possible  to  utilize  FVC  and  EPR 
or  natural  rubber  in  conjunction  with  the 
glass  yarn  as  cable  jacket,  thus  opening 
new  applications  where  polyethylene 
jackets  could  not  be  employed  for  reasons 
of  safety. 
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Conclusion 


We  believe  that  the  new  cable  jacket 
concept,  as  presented  today  has  essential 
technical  and  economic  advantages  compared 
to  conventional  cable  designs,  especially 
for  aerial  telephone  cables.  The  new 
cable  jacket  combines  high  axial  strength 
with  low  weight.  The  stress  relief  ele- 
ments are  non-corrosive,  not  deteriorating 
and  are  not  affected  by  temperature 
changes.  The  electrical  transmission 
properties  of  the  cable  improve  because  of 
the  absence  of  metallic  parts  causing 
attenuation  or  electrical  reflections. 

The  cable  jacket  can  be  manufactured 
easily  and  economically.  Special  tools 
were  developed  and  the  process  and  cable 
design  are  protected  by  U.S.  and  foreign 
patents.  The  ease  in  handling  and 
installation  of  these  cables  offers 
additional  cost  savings.  The  new  cable 
jacket  can  be  used  for  many  applications 
where  a cable  must  withstand  axial 
stresses . 
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ABSTRACT 

The  need  for  standardization  of  low 
noise  cable  test  methods  is  discussed. 

A review  of  certain  aspects  of  NBS,  ISA 
and  MIL->C->17  test  methods  is  presented. 
Test  apparatus  which  yields  repeatable 
triboelectric  charge  generation  in 
cable  is  described.  The  technique  in- 
volves twisting  one  end  of  a cable  and 
measuring  charge  output  at  opposite 
end  while  controlling  and  monitoring 
axial  tension,  rate  and  magnitude  of 
twist • 


The  low  noise  cable  is  often  used  to 
interconnect  crystal-type  transducers 
to  high  input  impedance  instrumentation 
amplifiers^.  In  these  applications  the 
triboelectric  charge?  output  from  the 
cable  must  be  negligible  compared  to  the 
charge  output  from  the  transducer.  Thus 
the  maximum  permissible  triboelectric 
charge  output  level  at  which  a cable 
ceases  to  qualify  as  "low  noise"  is 
dependent  on  the  requirements  of  the 
application.  Efforts  to  refine  the 
definition  of  "low  noise  cable"  are 
further  complicated  by  the  variety  of 
mechanical  treatments  employed  to  excite 
the  triboelectric  charges  and  the  usage 
of  both  cable  charge  output  and  noise 
voltage  registered  on  read-out  instru- 
ments as  measures  of  low  noise  cable 
performance . 


INTRODUCTION 

The  cornerstone  for  standardization  of 
low  noise  cable  testing  was  set  in  May 
1955  with  the  appearance  of  the  National 
Bureau  of  Standards  Report  "A  Simple, 
Objective,  Test  for  Cable  Noise  Due  to 
Shock,  Vibration,  or  Transient  Pressures 
by  T.  A.  Perls^.  Subsequent  to  and 
largely  based  on  the  NBS  report,  for- 
malized test  methods  have  appeared  in 
MIL-C-17^  and  the  Instrument  Society 
of  America  publications^. 

The  NpS  method*  has  been  used  with 
general  success  over  the  years.  However 
it  is  known  that  private  industry  has 
often  developed  alternative  test  proce- 
dures for  in-house  use^.  Additionally, 
it  is  known  that  the  NBS  method  does  not 
yield  repeatable  results  from  which  a 
rigorous  study  of  the  noise  generation 
may  easily  be  made.  Peris'  claimed 
results  which  are  repeatable  within  30^ 
for  the  same  cable  sample  with  a pos- 
sible variation  of  3 to  1 for  different 
samples  of  the  same  cabled.  Greater  re- 
peatability is  not  claimed  in  the  ISA* 
or  MIL-C-17  methods*. 


The  main  purpose  of  this  paper  is  to 
call  attention  to  the  need  for  estab- 
lishing a standardized  mechanical  treat 
ment  method  which  gives  repeatable  re- 
sults. A standardized  means  of  measur- 
ing, recording,  and  classifying  tri- 
boelectric charge  generation  in  elec- 
tronic cable  is  also  needed.  Through 
reporting  on  a test  fixture  which  gives 
repeatable  resultSjthe  feasibility  is 
established  and  guidelines  are  provided 
along  which  future  standardization 
efforts  may  proceed. 

A QUANTITATIVE  INTERPRETATION  OF 
TRIBOELECTRIC  CHARGE  GENERATION 
DYNAMICS. 

For  the  NBS  and  MIL-C-17  methods,  cable 
motion  (see  figure  l)  commences  from 
a horizontal  plane  which  is  parallel 
to  plane  "K"  at  height  "h" - 


* Here  reference  is  made  to  the  appro- 
priate NBS,  MIL-C-17  or  ISA  test  method 
described  in  reference  1,  2,  or  3 
respectively. 
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INTERFACE 


Pl^re  1*  Sketch  of  Cable  Motion  in 
NBS  and  MlL-C-17  Methods, 

Because  the  cable  is  clamped  at  points 
"A"  and  **£"  and  is  weighted  down  at 
midspan  point  "B^t  twisting  moments 
are  generated  at  these  points  as  the 
cable  swings  back  and  forth  prior  to 
coming  to  rest  in  a plane  perpendicular 
to  plane  "K",  Pre-positioning  the 
cable  in  the  horizontal  plane  estab- 
lishes non-zero  initial  values  for  the 
twisting  moments 9 provided  the  cable 
is  clamped  at  points  "A"  and  ”£”  while 
in  a vertical  plane. 

It  is  theorized  that  triboelectric 
charge  generation  during  the  test  is 
primarily  due  to  relative  motion  at 
the  conductor-insulation  interface  (see 
figure  2),  The  motion  at  the  interface 
is  due  to  the  axial  twisting  moments 
and  is  accompanied  by  a slowly  changing 
axial  tension  in  the  cable,  Tribo- 
electric charges  are  also  generated  as 
a result  of  a possible  "Jerky"  motion 
of  the  cable  during  the  first  swing  or 
two.  It  is  theorized  that  these 
charges  arise  from  a relative  motion 
at  the  interface  due  to  bending  moments 
about  an  axis  which  is  at  right  angles 
to  the  cable  axis.  This  mode  of  charge 
excitation  is  accompanied  by  rapidly 
changing  axial  tension. 

The  ISA  method  recommends  that  cable 
motion  be  initiated  in  a plane  which  is 
perpendicular  to  plane  "K"  and  passes 
through  points  "A"  and  "£"•  (see  figure 
3),  The  cable  is  weighted  down  at 
midspan  point  "B"  and  clamped  at  points 
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Figure  2,  Location  of  Conductor- 
Insulation  Interface, 

"A"  and  "E" . Point  "B"  is  raised 
distance  "d"  above  points  "A"  and  "E" 
and  released  to  initiate  the  cable 
motion.  The  resulting  cable  motion 
is  quite  "Jerky"  and  it  is  theorized 
that  triboelectric  charge  generation 
arises  from  bending  moments  at  right 
angles  to  the  cable  axis  and  is 
accompanied  by  rapidly  changing  axial 
tension , 


Figure  3*  Sketch  of  C»ible  Motion  in 
ISA  Method. 

According  to  this  quantitative  inter- 
pretation* triboelectric  charge 
generation  is  induced  (for  the  considered 
test  methods)by  either  or  both  of  two 
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forms  of  mechanical  treatment.  These 
forms  are  designated  as  the  twisting 
mode  and  the  bending  mode  and  are 
characterized • respectively,  by  twisting 
motion  about  the  cable  axis  and  bending 
motion  at  right  angles  to  the  cable  axis. 

The  NBS,  ISA,  and  MIL-C-17  test  methods 
do  not  specify  that  axial  tension 
changes  in  the  cable  are  to  be  monitored 
during  the  test.  There  is  no  provision 
for  commencing  the  test  with  known 
initial  values  of  axial  tension,  twisting 
moment,  or  bending  moment. 

CHARACTERISTICS  OF  AN  IMPROVED  TEST 
SYSTEM 

The  purpose  of  an  improved  test  system 
is  to  provide  a display  of  triboelectric 
charge  which  is  a repeatable  function 
of  the  variables  and  parameters  of  the 
mechanical  treatment.  Furthermore,  the 
generated  triboelectric  charge  is  a 
rather  complicated  function  of  the 
entire  cable  design  and  fabrication 
process.  Attainment  of  a repeatable 
relationship  between  triboelectric  charge 
and  mechanical  treatment  is  a prerequi- 
site for  rigorous  study  of  the  influence 
of  cable  design,  materials,  and  fabri- 
cation processes. 

Analysis  of  the  preceding  quantitative 
interpretation  indicates  the  following 
items  to  be  essential  in  a test  system 
which  would  provide  for  a systematic 
study  of  triboelectric  charge  generation: 

1.  Controlled  and  monitored  axial 
tension • 

2.  Controlled  and  monitored  twist  of 
the  twisting  mode. 

3.  Controlled  and  monitored  displacement 
of  the  bending  mode. 

STATE  OF  THE  ART  TEST 

Pi scussion 

To  obtain  a reasonably  simple  test 
apparatus  it  was  decided  a test  cable 
should  be  subjex^ted  to  only  one  mechanical 
treatment,  i.e.,  twisting  mode  or  bending 
mode.  The  twisting  mode  treatment  seems 
to  excite  charge  generation  more  effi- 
ciently than  does  the  bending  mode  treat- 
ment. Consequently,  development  efforts 
have  focused  on  a twist  test  apparatus. 
However,  development  of  a bending  mode 
excitation  apparatus  is  being  pursued 
and  will  be  reported  on  in  the  future. 

A photograph  of  the  twist  test  apparatus 
is  presented  in  figure  k.  The  apparatus 
is  considered  to  be  state  of  the  art 
because  of  the  new  techniques  used  in 


applying  and  monitoring  the  twist, 
tension  and  generated  charge  output. 


Figure  IVist  Test  Appratus. 

The  apparatus  is  relatively  simple  and 
provides  a mechanical  treatment  which 
primarily  excites  the  twisting  mode  of 
triboelectric  charge  generation. 

Frequency  response?  studies  of  the 
apparatus  have  shown  the  presence  of 
a mode  which  was  not  a consideration 
in  the  quantitative  interpretation  of 
triboelectric  charge  generation  dynamics. 
This  mode  is  due  to  the  pulsations  of 
the  stepper  motor  which  are  transmitted 
to  the  cable  at  the  fundamental  rate  of 
twist  (steps/second).  With  this  appa- 
ratus, detection  of  the  twisting  mode 
component  is  unhindered  by  the  presence 
of  the  weak  pulsation  mode  component. 

The  twisting  mode  component  has  been 
found  to  be  independent  of  the  rate  of 
twist  (steps/second).  The  pulsation 
mode  component,  on  the  other  hand,  is 
a function  of  both  the  rate  and  magnitude 
of  twist. 


Equipment  Used  in  the  Twist  Test 
Apparatus 


The  functional  components  are  diagrammed 
in  figure  5*  The  pertinent  character- 
istics are  listed  below. 


1.  Stepper  motor  (Superi«.r  M093-FD07). 
Step  size:  l.o 
Holding  tongue:  oz.-in. 

Step  rate:  3 steps/second  to  300 
steps/ second 

Potentiometer  adjustment 
on  control  panel. 

Constant  motion  speed:  greater  than 
Uo  steps/second. 


w 
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Fif^re  5*  Equipment  Diagram. 


through  Feature  for  cable  connection 
at  cermin^tior  point. 

3.  Angle  transducer  (Tran8tek-603 ) 

Linear  range;  ^ 60®. 

Gear  box 

Three  shafts,  right  angle  drive 
1:1  ratio. 

5,  Load  cell(Kristnl  9011) 

Sensitivity;  19  pc/lb. 

Maximum  load;  300  lbs. 

6,  Charge  amplifier  (Kristal  5002) 

Static  and  dynamic  charge  measure- 
ment capability. 

7,  Control  panel  (Uelden) 

Houses  charge  amplifier  and  logic- 
circuiti'y  used  to  program  stepper 
motor. 

Switch  selectable  functions; 

Direction  and  number  of  steps  of 
rotation.  (2- 199  steps )( bilateral 
or  unilateral ) 

Number  of  cycles  (continuous^!  to  99) 

The  inclusion  ol'  component  manufacturers' 
names  is  not  intended  as  an  endorsement. 
It  is  assumed  that  similar  products  from 
other  manul'acturcrs  could  function 
cqua 1 I y well. 

Procedure  for  Mounting  the  Cable  Sample 
in  the  Test  Fixture  and  Selecting  the 
Initial  Condi t ions . 


Prior  to  conducting  a test  the  cable 
sample  must  be  mounted  and  the  initial 
cable  tension,  twist,  number  of  steps, 
directional  sequence  of  rotation  and 
stop  rate  must  he  selected.  The  follow- 
ing pr<'cedur€'  is  followed; 


1.  Sample  length  up  to  5^"  is  selected. 

2.  Sample  is  secured  in  lower  chuck 
Jaws . 


3.  Sample  is  secured  in  upper  chuck 
Jaws, 

4.  Sample  is  terminated  at  load  cell 
cage  or  control  panel  and  shielded 
as  necessary. 


2.  Headstock  chuck  cable  clamps  (Jacobs 
56B) 

Maximum  cable  diameter;  ,5" 
Compression  marks  on  Jacket  are 
circumferentially  spaced  1”  long 
grooves  parallel  to  cable  axis. 

Lower  chuck  has  closed  interior 
which  shields  rotating  end  of  cable. 
Clockwise  rotation  is  defined 
looking  into  lower  chuck  Jaws. 

Upper  chuck  is  staticnary  with  feed- 

• Registered  trademark  of  Unistrut  Corp, 


5.  Sample  is  placed  under  tension  by 
adjusting  tensioning  knob  and 
monitoring  load  cell  output  through 
charge  amf>lirier  and  oacllloacope. 

6,  "Initial  twist"  is  obtained  by 
single  step  rotation  of  lower  chuck. 
Zero  twist  condition  (within  1.8^) 
is  Obtained  (for  cable  construc- 
tions without  an  inherent  longi- 
tudinal twist)  when  equal 
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tension  changes  are  produced  by 
equal  clockwise  and  counterclock-> 
wise  rotation  of  lower  chuck.  For 
cables  with  an  inherent  longitudinal 
twist  the  following  technique  is 
used.  Triboelectric  charge  polarity 
is  observed  for  single  step  rotation 
in  both  directions.  Incrnasing 
tension  is  accompanied  by  the  oppo- 
site charge  polarity  from  decreasing 
tension.  The  neutral  position  is 
reached  by  single  step  rotation  in 
the  direction  of  decreasing  tension 
until  a charge  polarity  reversal  is 
obtained . 

7.  Number  of  steps  of  clockwise  and 
counterclockwise  twist  are  entered 
on  separate  thumbwheel  switches. 

8.  Direction  of  first  step  is  switch 
selected. 

9.  Directional  sequence  of  rotation  is 
switch  selected.  The  motion  can  be 
unilateral  or  bilateral.  Bilateral 
implies  both  clockwise  and  counter- 
clockwise rotation  about  the  neutral 
position.  Unilateral  implies 
rotation  on  either  the  clockwise 

or  counterclockwise  side  of  the 
neutral  position. 

10.  The  number  of  cycles,  continuous, 
or  1 to  99  is  switch  selected. 

Test  Results 

As  discussed  earlier  in  this  paper,  the 
amount  of  twist  and  the  axial  tension 
are  unmonitored  and  only  nominally  con- 
trolled in  the  NBS,  ISA,  and  MlL-C-17 
test  methods.  In  this  section,  test 
results  are  given  which  show  the  depen- 
dence of  generated  triboelectric  charge 
on  the  valtaes  of  "initial  twist  and 
tension" . 


Figure  (>.  Generated  Charge  versus 
Twist  iVngle. 

Other  parameters  of  the  experiment 
are  as  followsi 

Cable  type:  UG-59/U 
Cable  length:  48  inches 
Twist  rate:  10  steps/second 

Angular  twist:  25  steps  bilateral 

(45*=) 

Starting  direction:  Counter- 
clockwise . 

Initial  axial  tension:  4 pounds. 


Initial  twist . The  triboelectric 
charge  generated  during  one  cycle 
for  three  sets  of  "initial  twist" 
conditions  is  given  in  figure  6. 

The  numbered  traces  correspond 
to  the  initial  conditions  as  follows: 


1)  Zero  "initial  twist". 

2)  10  steps  clockwise  from  zero- 
twist  . 

3)  10  steps  counterclockwise 
from  zero-twist. 

Figure  7 shows  tlie  change  in  axial 
tension  which  occurs  during  one 
cycle  for  these  "initial  twist" 
conditions • 


. ..  'J  I. . - i . 


Figure  7*  Axial  Tension  versus 
Twist  Angle. 


Figure  8.  Generated  Charge  versus 
Twist  Ajigle. 


Figure  9*  Axial  Tension  versus 
Twist  Angle. 


, Initial  Axial  Tension.  The  tribo- 
eleetric  charge  generated  during 
one  cycle  for  three  sets  of 
“initial  axial  tension”  is  given 
in  figure  8.  The  numbered  traces 
correspond  to  the  initial  condif 
tions  as  follows! 

1)  2 pounds 

2)  k pounds 

3)  6 pounds. 

The  other  parameters  of  the 
experiment  are  the  same  ds  for  tht 
"initial  twist"  variation  experiment 
except  zero  initial  twist  was  main- 
tained. Figure  9 shows  the  change 
in  axial  tension  which  occurs 
.during  one  cycle  for  these  "initial 
axial  tension"  conditions. 

Figures  6 and  8 show  generated 
charge  for  1 cycle  of  motion  only. 
However^  as  the  motion  is  repeated, 
subsequent  cycles  reproduce  the 
same  charge  versus  twist  angle 
pattern.  After  a sufficiently  high 
number  of  cycles,  the  pattern  would 
change  due  to  aging  phenomena  at 
the  conductor-insulation  interface. 


3 . Pulsation  Mode  Characteristics. 


Figure  lO  presents  an  amplitude 
spectrogram  of  generated  charge  for 
the  following  experiment! 

Cable  type!  RG  59/U* 

Cable  length:  48  Inches. 

Twist  rate:  30  steps/second. 
Angular  twist:  6 steps,  unilateral 
( 10. 8°). 

Initial  axial  tension:  2 pounds. 
Initial  twist:  zero. 
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Demounting  and  remoanting  does  not 
affect  the  pattern,  either, 
provided  the  initial  twist  and 
tension  have  been  carefully 
adjusted . 


Figure  10.  Amplitude  Spectrogram. 

The  spectrogram  shows  the  funda- 
mental of  several  harmonics  due  to 
the  cable  twist  frequency  of  2.5  cps 
(30  step8/aec/l2  steps/cycle).  The 
pulsation  mode  component  is  evident 
at  30  hz.  The  peak  at  60  hz  is  due 
to  the  second  harmonic  of  the 
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Fifjiire  11,  Harmonic  Amplitude  Variation  with 
Twist  An^le* 


pulsation  mode  and  60  hz  power 
frequency  interference. 

Fif^re  11  shows  the  amplitude  varia- 
tion during  6no  cycle  of  twist  for 
the  fundamental  and  first  four 
harmonics  for  the  following  experi- 
ment : 

Cable  types  RG  59/U, 

Cable  length:  48  inches. 

Twist  rates  5 steps/second. 

Angular  twist:  100  steps,  bilateral 
( 180° ) 

Initial  axial  tension:  3 pounds. 
Initial  twist:  zero 

Also  shown  is  the  60  hz  power 
frequency  interference  level.  The 
data  in  figures  10  and  11  were  ob- 
tained with  the  following  equipment. 
B&K  No.  2511  vibration  meter, 

No.  1621  1/3  octave  bandpass  filter, 
and  No.  2306  level  recorder. 

SUMMARY  AND  RECOMMENDATIONS 

A test  fixture  which  provides  for  re- 
peatable triboelectric  charge  generation 
in  electronic  cable  has  been  described. 
The  technique  iiyvolves  holding  one  end 
of  the  cable  stationary  while  the  other 
end  is  twisted  about  the  longitudinal 
cable  axis.  Axial  tension,  rate  and 
magnitude  of  twist  are  monitored  and 
controlled  with  state  of  the  art 
techniques • 

Careful  adjustment  of  the  "initial  twist" 
and  axial  tension  insures  reproducibility 
of  results  for  the  same  cable  sample, 
even  after  demounting  and  remounting  on 
the  fixture.  However^,  consistency  of 
results,  from  sample  to  sample,  even 
with  identical  Initial  conditions  is 


dependent  on  the  unifonnity  of  cable 
construction  materials  and  manufacturing 
processes . 

As  described  in  this  paper,  a fixture 
which  excites  triboelectric  charge 
generation  in  the  "bending  mode"  is 
being  developed.  Study  and  character- 
ization of  cable  triboelectric  charge 
generation  properties  with  the  "twisting 
mode"  and  "bending  mode"  test  fixtures 
is  being  planned.  Findings  will  be 
reported  on  in  the  future, 

A variety  of  fixtures,  and  methods  are 
currently  used  by  the  industry  for 
characterizing  "low  noise"  cable  per- 
formance. There  is  a need  for  standard- 
ization. This  paper  has  reported  on  the 
feasibility  of  obtaining  repeatable  test 
results  and,  it  is  hoped  will  be  of 
value  in  establishing  a future  standard. 
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A STUDY  COMPARING  PAIRS  AND  QUADS 


Valentin  Abadia 


CABLES  DE  COMUNI CAC I ONES  S.A. 


INTRODUCTION 

Cable  users  do  not  seem  to  agree  on  the  most  de- 
sirable type  of  cable  construction,  whether  it  be 
pairs  or  quads.  One  cannot  be  said  to  be  superior 
to  the  other,  nevertheless  there  does  exist  advan- 
tages and  disadvantages  in  each  case.  Our  aim  is 
to  try  to  analyze  them  focused  on  three  different 
points  of  view,  first,  transmission  quality;  second, 
conductor  joining  (splicing)  and  last  but  not  least, 
cost.  We  feel  qualified  to  make  such  a study  since 
our  factory  can  produce  either  construction  and  so 
we  do  not  have  a bias  in  qither  direction. 
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ing  the  distorsions  during  the  stranding  process. 

Tests  were  made  on  pair  and  quad  cables  up  to  a 
frequency  of  1024  KHz  which  is  the  main  PCM  system 
of  30  channels. 

The  possibility  of  obtaining  higher  quality  cables 
with  other  types  of  manufacture  and  controls  is  not 
debated  in  this  study.  The  fundamental  idea  con- 
sists in  comparing  the  two  constructions  when  the 
same  techniques  have  been  used  in  both. 

1.  THE  TECHNICAL  CHARACTERISTICS  OF  BOTH  CONSTRUC- 


The  use  of  phantom  circuits 


Phantom  circuits  allow  an  increase  of  50%  in 
the  capacity  of  the  circuits  in  a cable  when 
two  pairs  are  used  as  an  additional  new  circuit 
can  be  obtained  by  using  special  repeating 
transformers.  This  simple  arrangement  is  shown 
in  Figure  2. 


Figure  1 shows  the  two  different  types  of  quad  con- 
structions that  exist,  namely  star  quad  (or  spiral 
four  quad)  and  the  multiple  twin  quad,  which  is  al- 
so called  D.M.  Quad.  The  O.M.  consists  of  two 
pairs  which  are  in  turn  twisted  together.  In  the 
star  quad  the  four  wires  are  twisted  at  the  same 
time,  the  pairs  being  formed  by  the  wires  diamet- 
rically opposed.  We  have  used  this  type  of  quad  in 
our  comparisons  due  to  its  reduced  mutual  capaci- 
tance having  economical  advantages  which  we  shall 
evaluate. 

The  pairs  and  quads  used  in  the  tests  were  manu- 
factured using  the  same  technology  and  production 
controls,  in  this  way  the  study  was  objectively 
possible.  The  plastic  insulated  pairs  and  quads 
were  insulated  using  a coaxial  capacitance  monitor. 
All  the  quads  were  bound  individually  thus  reduc- 
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This  however  does  not  work  on  two  adjacent 
pairs  because  the  pairs  themselves  have  to  be 
transposed  or  twisted  in  order  to  obtain  a 
balance  to  ground  and  reduce  interference  be- 
tween two  adjacent  phantom  circuits. 

One  advantage  of  quad  cable  is  that  of  the  phan- 
tom circuits  being  able  to  be  used,  however  this 
technique  is  not  commonly  used  in  exchange  areas 
and  it  is  in  fact  quite  obsolete  with  the  use 


1 


of  carrier  systems.  These  are  actually  circuits 
which  have  poor  balance  and  offer  bad  transmis- 
sion quality.  Well  balanced  quads  are  needed  if 
one  is  to  use  the  phantom  circuits  at  high  fre- 
quencies. 

1.2 

Mutual  capacitance  and  size 

As  the  pair  in  a quad  is  formed  by  the  wires 
which  are  diametrically  opposed,  less  diameter 
over  insulation  is  needed  to  obtain  the  same 
mutual  capacitance  and  consequently  the  same 
attenuation. 

The  construction  therefore  of  quads  presents 
less  diameter  than  that  of  pairs  having  an  equal 
number  of  circuits.  This  reduction  depends  upon 
the  size  and  mutual  capacitance  and  is  between 
8 and  10  percent.  In  Figure  3 two  equal  cables 
one  constructed  with  pairs  and  the  other  with 
quads  are  shown. 
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If  on  the  other  hand  we  •'hould  wish  to  obtain  as 
many  circuits  as  possible  in  a specific  cable 
diameter,  the  quad  construction  would  allow  us 
more  circuits  than  that  of  the  pair  with  the 
same  attenuation.  The  increase  percentage  de- 
pends on  the  gauge  and  mutual  capacitance.  This 


is  shown  in  Table  1 for  one  capacitance  level. 
TABLE  1 

Increase  in  the  number  of  circuits  in  quads 
(percent)  for  52nF/Km. (0.083  u F/mile) 


GAUGE  IN  MM.  (AWG) 

0.9  (19) 

0.64  (22) 

0.5  (24) 

0.40  (26) 

20* 

23* 

29* 

30* 

One  last  point  I would  like  to  mention  is  that 
star  quads  of  large  gauges  (16  AWG)  and  low 
mutual  capacitance  (up  to  32nf/mile)  have  been 
normally  used  for  toll  cables.  It  is  very 
difficult  and  sometimes  even  impossible  to  ob- 
tain this  capacitance  with  pairs,  especially  if 
the  insulation  is  pulp  or  paper.  The  use  of 
electronic  equipment  has  made  this  type  of  cable 
quite  obsolete  and  the  tendency  is  small  gauges 
and  higher  capacitance. 

1.3 

Attenuation 

Tne  degree  of  attenuation  a telephone  signal 
suffers  when  it  is  transmitted  through  a pair 
of  wires  at  low  frequency  depends  upon  the 
mutual  capacitance  and  conductor  resistance  of 
the  two  wires.  Consequently  as  a lower  mutual 
capacitance  can  be  obtained  for  the  same  insula- 
tion thickness  the  quad  cable  shows  a lower 
attenuation  at  low  frequency  than  that  of  pairs 
with  the  same  diameter  over  dielectric  (D.O.D.). 
This  reduction  is  between  5 and  7 percent  de- 
pending on  the  thickness  of  the  insulation  used. 

This  relation  nevertheless  is  not  so  simple  at 
carrier  frequencies,  due  to  the  fact  that  a 
star  quad  cable  has  a smaller  diameter  than 
that  of  pairs  of  the  same  mutual  capacitance. 
When  the  frequency  rises  the  increase  of  resis- 
tance in  the  quad  cable  is  greater  than  that  of 
the  pair,  due  to  the  so  called  proximity  effect. 
The  attenuation  at  high  frequencies  is  therefore 
greater. 

An  example  of  the  above  mentioned  can  be  seen 
on  the  next  page  in  Figure  4. 

We  can  see  from  Figure  4-A  the  attenuation 
measured  on  two  22  AWG  pulp  cables  which  had 
the  same  0.0. D.  At  voice  frequencies  the  quad 
cable  had  a lower  attenuation  than  that  of  the 
pair  cable.  This  is  in  fact  due  to  its  lower 
mutual  capacitance,  but  as  the  frequency  was 
increased  the  resistance  of  the  wires  in  the 
quad  cable  also  increased  above  that  of  the 
pair  cable  (approximately  13%  at  1 MHz).  This 
in  turn  made  the  quad  cable  give  a higher 
attenuation  than  the  pair  cable,  although  the 
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pair  cable  has  had  a higher  mutual  capacitance. 


between  pairs  in  the  same  quad  is  quite  high. 
This  has  led  to  the  practice  of  nearly  always 
balancing  them  when  installing,  by  means  of 
systematic  reversals.  The  greater  the  frequency 
the  closer  the  reversal  should  be.  Nevertheless 
this  operation  is  very  complex,  needs  trained 
personnel  and  takes  up  a lot  of  time  and  money. 
Further  on  in  the  paper  we  shall  take  a closer 
look. 

Crosstalk  can  be  reduced  in  pair  cable  if  the 
correct  choice  of  pair  twists  is  made.  The 
crosstalk  between  pairs  in  different  quads  in 
quad  cable  can  be  reduced  by  the  proper  choice 
of  twist,  but  this  situation  is  quite  different 
in  the  case  of  the  pairs  of  the  same  quad. 

Crosstalk  between  pairs  of  the  same  quad  can 
be  reduced  by  carefully  controlling  its 
dimensions.  Consequently  the  coaxial  capaci- 
tance monitor  (in  PIC  insulation)  and  a good 
quadding  operation  is  fundamental.  Cabling  al- 
so originates  distortion,  therefore  great  care 
should  be  taken  in  avoiding  distortions  in  the 
quad  which  would  subsequently  produce  unbear- 
able crosstalk. 

To  enable  us  to  analyze  the  crosstalk  in  the 
quad  cables  we  differentiated  between  the  pairs 
in  the  same  quad  and  the  pairs  which  belonged 
to  different  quads.  Tests  were  made  on  three 
different  types  of  cables  and  were  compared 
with  the  tests  carried  out  on  pairs.  The 
results  can  be  seen  in  figure  5.  To  simplify 
matters  we  only  show  the  crosstalk  on  three 
types  of  combinations. 
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The  same  effect  can  be  seen  in  Figure  4-B  but 
with  two  24  gauge  PIC  cables  of  the  same 
nominal  capacitance  (83  nF/mile).  The  attenua- 
tion was  the  same  on  both  constructions  at  low 
frequencies.  At  high  frequencies  the  higher 
resistence  in  the  quad  cable  (increased  by 
approximately  14  at  1 MHz)  also  made  the 
attenuation  rise,  at  1 MHz  becoming  1 .6db/Km. 
higher. 

Consequently  we  can  say  that  due  to  the  extra 
resistance  increase  the  advantage  of  the  quad 
cable  in  respect  to  obtaining  less  attenuation 
with  the  same  insulation  material  is  completely 
lost  when  it  rises  above  approximately  300  KHz. 

This  data  should  be  kept  in  mind  when  one  is  to 
use  this  cable  on  high  frequency  systems. 

1.4 

Crosstalk 

Needless  to  say  we  all  know  that  the  crosstalk 


Figure  5-A  shows  the  far  end  crosstalk  (Fext) 
and  the  near  end  crosstalk  (Next)  performed  on 
a 22  AWG  and  70  nF/mile  mutual  capacitance  quad 
pulp  cable.  The  sequence  of  the  quads  in  this 
cable  were  especially  chosen.  It  can  be  seen 
that  crosstalk  was  good  between  the  pairs  of 
different  quads,  but  on  the  other  hand  was 
very  poor  between  pairs  of  the  same  quad. 

Another  example  can  be  seen  in  Figure  5-B  which 
shows  "Fext  and  Next"  measured  on  two  cables  of 
22  AWG  and  83  nF/mile  mutual  capacitance,  one 
of  the  cables  being  pair  and  the  other  quad.  It 
can  be  observed  that  the  crosstalk  between 
pairs  of  the  same  quad  is  also  different  com- 
pared to  that  of  the  pair  cable.  In  this  gauge 
it  is  Indeed  much  more  effective  with  regards 
to  crosstalk,  that  a pair  twist  scheme  that 
has  been  well  studied  be  used  than  a strict 
dimension  control . 

In  figure  5-C  the  crosstalk  can  also  be  seen  in 
two  19  AWG  cables.  A great  difference  which 
should  be  mentioned  is  that  the  crosstalk  bet- 
ween the  pairs  of  the  same  quad  equals  more  or 
less  the  results  obtained  on  pair  cable.  Cross- 
talk data  is  not  shown  between  alternate  quads 
because  these  quads  had  like  twists  and  this 
does  not  represent  normal  construction. 
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Quad  Cable  Pair  cable 

0 - Pairs  of  the  same  quad  3 . Adjacent  pairs 

1 - Pairs  of  adjacent  quads  4 _ Alternative  pairs 

2 - Pairs  of  alternative  quads  5 _ pairs  seperated  by  two 
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This  does  in  fact  certify  our  observations:  if 
we  measure  the  capacitance  unbalance  on  pairs 
of  the  same  quad  having  sufficient  thickness  in 
gauge  (O.Smm.  and  over)  - The  results  are  quite 
low  compared  to  that  of  small  gauges.  The  ex- 
planation of  this  phenomenon  is  that  the  quad 
formation  with  heavy  gauges  is  much  better  than 
with  small  gauges,  moreover  it  is  also  much 
more  resistant  to  deformation. 


It  has  been  observed,  although  the  measurements 
were  only  carried  out  up  to  1 MHz,  that  the 
crosstalk  on  the  pairs  of  the  same  quad  decreases 
with  the  frequency  more  rapidly  than  in  normal 
pairs,  whatever  the  gauge  may  be.  This  is  des- 
cribed in  references  (l)  and  (2).  The  maximum 
frequency  of  our  study  as  we  have  already  stated 
is  of  1 MHz,  consequently  we  cannot  judge  the 
exact  rate  at  which  it  decreases. 


To  sunmerize  we  can  say  with  the  exception  of 
large  gauges  that  the  crosstalk  in  quad  cable 
is  higher  than  in  pairs.  At  high  frequencies 
the  crosstalk  between  pairs  of  the  same  quad 
increases  more  rapidly  than  in  the  normal  pairs 


As  we  have  already  mentioned  previously,  the 
quad  formation  offers  a few  economical  advanta- 
ges due  to  the  savings  in  material. 

In  order  to  obtain  the  same  mutual  capacitance 
less  insulation  thickness  is  needed.  Apart  from 
this  advantage,  less  cable  diameter  is  achieved 
which  represents  a savings  in  jacket  material. 

Nevertheless  we  should  bear  in  mind  the  entire 
manufacturing  process  which  leads  to  the  true 
savings.  With  regards  to  the  manufacture  the 
main  difference  arises  in  the  pairing  or  quadd- 
ing  process.  Figure  6 shows  two  types  of  quadd- 
ing  machines  while  Figure  7 shows  a standard 
pairing  machine. 


A quadding  machine  costs  more  than  a pairing 
machine  and  its  speed  is  different.  Therefore 
if  the  quadder  is  slower  this  in  turn  leads  to 
an  increase  in  the  labor  cost  which  in  turn 
could  completely  cancel  the  savings  in  material 


The  main  savings  in  cost  between  pairs  and  quads 
are  the  following: 
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Insulation  material 


- Core  Wrap 

- Jacket  materials 

We  have  previously  mentioned  that  with  the 
same  mutual  capacitance  the  final  core  diame- 
ter is  less  in  the  quad  cable  by  approximate- 
ly 13-15%. 

The  final  cost  depends  mainly  on  the  type  of 
jacket  required  and  the  size  of  the  cable.  The 
greatest  advantage  is  obtained  from  the  small 
cables  with  reinforced  jackets. 

- Binders 

(Additional  cost  if  each  quad  is  bound) 

- Labor  cost 

This  greatly  depends  on  the  speed  of  the  quadd- 
ing  machine  against  that  of  the  pairing  machine 
It  could  well  be  a high  percentage  in  the  final 
cost  of  the  cable. 

- Power  consumption 

- Return  on  investment 

We  have  calculated  the  approximate  cost  of 
three  cables  in  order  to  examine  what  has  been 
stated  up  until  now.  These  cables  have  been 
manufactured  using  two  different  methods:  In 
the  one  case  with  modern  quadders  at  a high 
speed  and  in  the  other  case  with  a conventional 
quadder  which  is  much  slower.  The  cables  which 
we  compared  were: 

- 100  pair  cable  22  AWG  0.083  pF/Mile  - FPA 
jacket 

- 50  quad  cable  22  AWG  0.083  uF/Mile  - FPA 
jacket 

This  cable  will  however  show  a saving  in 
material  cost  compared  to  the  above  cable 
due  to  the  fact  that  it  has  less  insula- 
tion thickness. 

- 50  quad  cable  22  AWG  0.070  uF/Mile  - FPA 
jacket 

The  difference  in  cost  compared  with  the 
pair  cable  is  only  due  to  its  manufacture. 
Due  to  it  having  the  same  insulation 
thickness  the  materials  are  exactly  the 
same  with  the  exception  of  the  binders. 

The  results  can  be  seen  in  Table  2. 


TABLE  2 

COST  COMPARISON  IN  MONETARY  UNITS 


PAIRING 

HIGH 

SPEED 

QUADDING 

LOW 

SPEED 

QUADDING 

Pairs 

57083  uF/Mile 

100 

Quads 

07083  ..  F/Mile 

96 

104 

Quads 

07070  uF/Mile 

103 

108 

In  fact  it  is  actually  possible  to  obtain  a sav- 
ing in  the  quad  cable  of  up  to  approximately  4* 


with  the  modern  machinery  now  available,  and 
even  more  if  the  jacket  is  complex. 

Quadding  machines  with  the  same  speed  as  the 
pairing  machines  are  needed  if  we  are  to  lower 
the  cost  of  quad  cable.  The  savings  in  material 
with  the  conventional  quadder  is  completely  ab- 
sorbed by  the  manufacturing  costs. 

The  inconvenience  of  high  speed  quadders  is  that 
you  cannot  work  with  heavy  gauges  (19  AWG  and 
over),  consequently  these  quad  cables  will  have 
a much  higher  manufacturing  cost  which  will  can- 
cel the  savings  obtained  from  the  materials. 
Furthermore  in  these  cases  the  overall  cost  of 
the  copper  in  the  cable  is  much  higher,  there- 
fore the  savings  in  material  has  less  influence 
upon  the  total  cost. 

It  is  necessary  to  mention  one  last  point:  As 
there  is  a need  sometimes  to  balance  the  quads 
when  splicing  cable  lengths  in  order  to  reduce 
its  unbalance,  some  customers  request  the 
capacitance  unbalance  to  be  measured  on  all  the 
pairs,  together  with  a detailed  written  instruc- 
tion on  splicing.  This  is  in  fact  quite  easily 
carried  out  by  means  of  automatic  equipment, 
but  it  does  take  more  time  which  in  turn 
increases  the  cost  of  the  cable. 


3.  INSTALLATION  AND  SPLICING 

A very  important  point  in  all  cable  projects  is 
that  of  the  installation.  Generally  the  price 
of  the  actual  cable  is  only  40  to  50%  (and 
sometimes  less)  of  the  total  cost  of  an 
installed  cable.  From  the  remaining  a signifi- 
cant amount  is  taken  up  by  the  placing  and 
spl icing. 

Labor  cost  is  extremely  high,  consequently  the 
time  a splice  takes  is  of  a fundamental  im- 
portance. For  instance  if  the  splice  on  an 
installation  of  large  feeder  pulp  cable  is 
undertaken  manually,  the  labor  cost  of  splic- 
ing is  greater  than  the  cost  of  the  cable.  This 
information  is  an  example  and  will  orientate 
those  who  are  not  familiarized  with  the  subject, 
reminding  them  of  how  important  splicing  is. 

Naturally  the  cost  of  splicing  varies  depending 
on  the  type  of  jacket,  the  number  of  pairs  and 
the  installation.  On  cables  with  few  pairs  the 
cost  of  splicing  is  relatively  small.  On  pulp 
cable  with  a large  number  of  pairs  used  for 
subscriber  loops  the  cost  of  splicing  is  very 
high.  In  general  terms  it  accounts  for  between 
20  to  45  percent  of  the  total  cost  of  installa- 
tion . 

We  should  differentiate  between  two  types  of 
splices  in  quad  cable: 

1.  The  first  comprises  only  the  connections  of 
the  conductor  and  the  jacket  splice,  as  in 
that  of  pairs. 

2.  The  second  one  is  performed  when  it  is 


necessary  to  balance  the  quad.  In  this  case 
the  capacitance  unbalance  on  each  end  to  be 
spliced  should  be  measured  and  a written 
instruction  on  how  to  splice  should  be  made 
which  will  join  the  conductors  in  such  a way 
as  to  reduce  the  unbalance. 

The  telephone  company  has  studied  the  time 
required  to  splice  pair  cable  in  comparison  with 
that  of  quads  and  this  is  shown  in  Table  3.  All 
the  cables  used  were  of  19  AWG,  paper  insulated 
with  lead  sheath,  a type  not  manufactured  by  our 
company.  The  conductors  were  joined  manually  by 
twisting. 


TABLE  3 

AVERAGE  TIME  NECESSARY  TO  PERFORM  A SPLICE  {IN 
HOURS) 


TYPE  OF  CABLE 


QUADS 

No  Balance 

Balanced 

No.  of  pairs 
or  quads 

100 

150 

50 

75 

50 

75 

TIME  IN 

HOURS 

Aerial 

Installation 

22 

25 

23 

27 

51 

62 

Underground 

Installation 

23 

26 

25 

28 

53 

63 

have  to  be  balanced,  then  the  time  taken  up  by 
the  splicing  is  even  greater.  The  above  Table 
does  indeed  show  the  time  that  is  necessary  to 
balance  a splice  which  is  generally  two  and  a 
half  times  greater.  The  number  of  pairs  to  be 
balanced  depends  on  the  type  of  system  to  be 
used.  The  higher  the  frequency  of  transmission 
the  more  splices  that  will  have  to  be  balanced. 
This  fact  also  depends  on  the  length  of  in- 
stallation. On  long  lengths  where  there  is  bad 
crosstalk  the  splice  is  balanced,  while  on 
short  lengths  this  is  not  practical. 


4.  USAGE 

We  have  just  shown  that  the  electrical  charac- 
teristics of  pairs  are  better  than  that  obtained 
with  quads,  with  this  in  mind  therefore,  the 
only  reason  for  using  quads  is  "Price". 

When  are  quads  more  economical  than  pairs?  In 
the  first  place  one  should  observe  the  total 
installation.  Generally  it  should  be  a com- 
promise between  the  cable  price  and  the  splic- 
ing cost.  An  exact  calculation  however  cannot 
be  made  as  a detailed  study  is  needed  in  each 
individual  case.  In  general  practice  high 
frequency  systems  are  being  introduced  to 
increase  cable  capacity  and  this  whould  be  a 
compelling  reason  for  using  pairs. 


We  have  analyzed  below  the  characteristics  of 
both  constructions  depending  on  the  type  of 
installation. 


The  above  information  is  sufficient  to  give  us 
an  idea  but  is  of  course  approximate  and  there- 
fore will  change  depending  on  the  number  of 
pairs. 

It  can  be  appreciated  from  this  data  that  a 
quad  splice  needs  approximately  7%  more  time 
than  its  equivalent  in  pairs.  Part  of  the 
explanation  is  that  the  solid  color  code  of 
pairs  is  easier  to  identify  than  that  of  the 
color  bands  normally  used  in  quads. 

An  added  influence  is  the  time  it  takes  to  iden- 
tify the  pairs  which  form  the  quad.  With  plastic 
quads  the  difference  should  be  smaller  as  the 
color  code  is  easier  to  identify.  Nevertheless 
the  color  code  of  pairs  is  simpler  and  easier 
to  distinguish.  '^Besides,  the  most  modern  splic- 
ing techniques  Have  been  designed  for  pair  cable, 
consequently  at  the  moment  it  is  by  far  the 
fastest  and  cheapest  method. 

Our  aim  is  not  however  to  debate  this  point. 

Quads  can  also  be  stranded  in  units  and  given 
a color  code  easier  to  identify,  in  this  way 
the  modern  splicing  methods  could  be  applied. 
Nevertheless  the  loss  of  time  in  the  identifica- 
tion of  both  pairs  in  the  quad  will  still  exist 
and  will  without  doubt  make  the  splicing  opera- 
tion slightly  longer,  ff  the  quad  should  also 


4.1 

Subscriber  loops 

This  type  of  network  joins  the  control  terminal 
with  the  subscrioers.  It  generally  works  with 
voice  frequencies  at  short  distances.  The 
level  of  crosstalk  is  very  low,  consequently 
the  quad  does  not  need  to  be  balanced.  Phantom 
circuits  are  not  generally  used  and  small 
gauges  are  employed  on  this  type  of  installa- 
tion. 

Duct  installations  are  used  in  urban  areas  with 
manholes  keeping  equal  distances.  The  compro- 
mise between  the  price  of  the  cable  and  that 
of  the  splices  should  decide  the  use  of  either 
one  or  the  other  type. 

Figure  8 on  the  following  page  shows  the  com- 
parative cost  of  this  type  of  installation  with 
a distance  of  125  m.  (410  feet)  between  man- 
holes, assuming  that  the  cost  of  a quad  cable 
is  4 percent  less  than  that  of  its  equal 
capacitance  in  pair  cable  and  that  the  splice 
of  this  cable  needs  7 percent  more  time.  It 
is  quite  clear  that  there  is  a small  differ- 
ence in  favor  of  pairs. 
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It  can  be  seen  that  curves  A and  B remain 
approximately  parallel  regardless  of  cable  size. 


Comparative  coet 


Number  of  circuits  m tbe  same  cable 


Figutc  S 

Cast  eetiui  cabte  nzc  (iubicitbct} 

This  total  cost  is  mostly  based  upon  the  labor 
cost  and  the  distance  between  splices.  Cables 
with  a large  number  of  circuits  are  more  econo- 
mical the  greater  this  distance  is.  Neverthe- 
less this  point  is  rather  doubtful  where  pulo 
insulated  cable  is  concerned,  the  reason  being 
that  to  obtain  quads  with  0.083 uF/mile  means 
lowering  the  dielectric  strength  to  an  unacep- 
table  level,  although  there  are  no  such  problems 
where  PIC  or  DEPIC  cables  are  concerned. 

Existing  ducts  could  be  taken  advantage  of  by 
the  installation  of  quads,  and  the  incease  in 
cost  of  the  splice  would  be  compensated  for  by 
the  number  of  circuits,  therefore  lowering 
quite  considerably  the  cost  per  circuit. 

In  the  case  of  large  gauges  (19  AWG  and  over) 
the  choice  of  pairs  is  quite  clear  as  there  is 
no  possible  savings  with  quads. 

4.2 

Interoffice  trunks 

This  type  of  link  is  used  between  central  termi- 
nals either  in  voice  or  carrier  frequencies. 

Pair  cable  is  the  most  economical  when  gauges 
of  19  AWG  and  over  are  to  be  used.  There  is  now 
nevertheless  a general  tendency  experienced 
everywhere  towards  the  use  of  electronic  equip- 
ment, abandoning  in  this  way  large  gauges. 

The  convenience  of  using  voice  frequencies 
depends  entirely  on  the  length.  As  there  is  no 
subscriber  service  the  distance  between  splices 
can  be  greater. 

Figure  9 shows  the  comparative  cost  in  these 
cases  with  a distance  in  length  of  460  m.  (1513 
feet)  between  splices.  In  this  case  quads 
could  be  more  economical  if  they  are  not  balanced, 
however  they  should  be  balanced  if  they  are  to 
be  used  for  long  distances. 


Comparative  Cost 


rtgutc’  9 
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The  use  of  phantom  circuits  is  the  ;i;ost  economi 
cal  system,  even  if  they  have  to  be  balanced, 
as  in  this  way  you  have  50%  more  circuits  in 
the  same  cable.  However  this  practice  has 
become  quite  obsolete  with  the  use  of  carrier 
frequency. 

Two  points  already  mentioned  should  be  kept  in 
mind  when  one  is  to  use  carrier  frequency; 

- Attenuation  for  quads  is  slightly  higher 
than  for  pairs  of  the  same  capacitance. 

- Crosstalk  is  worse  between  the  pairs  of  the 
same  quad. 

Quads  could  evidently  be  more  economical  than 
pairs  if  we  were  to  use  for  instance  systems 
of  up  to  12  channels  (108  KHz)  and  not  all  the 
pairs  in  the  cable  were  used  for  high  frequency 

Quads  do  not  seem  to  be  advisable  if  one  is  to 
use  all  the  pairs  and  a higher  frequency 
system.  This  is  also  the  case  for  PCM  systems 
where  high  frequency  (772  KHz  for  T1  and  1024 
KHz  for  30  channel  PCM)  is  used.  It  is  very 
difficult  to  use  all  the  pairs  in  the  cable 
on  a PCM  system  when  a quad  cable  is  employed. 


4.3 

Toll  Trunks 

These  are  links  with  great  capacity  and  number 
of  channels.  Coaxials  are  used  on  heavily  usea 
routes.  Symmetric  pairs  are  used  with  the 
carrier  or  PCM  system,  therefore  quads  are  not 
the  most  suitable  for  this  type. 
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CONCLUSION 


Our  intention  in  this  paper  has  been  to  try  to 
high-light  the  characteristics  of  pairs  and  quads, 
together  with  their  advantages  and  disadvantages. 
Pairs  with  regards  to  splicing  do  have  advantages 
over  quads  and  they  are  indeed  electrically  better. 
From  an  economical  viewpoint  quads  have  the  advan- 
tage if  large  gauges  are  not  used,  but  they  do 
present  higher  crosstalk  and  attenuation  at  high 
frequencies. 

Quads  are  therefore  economically  more  attractive  on 
low  frequency  circuits  when: 

- Many  circuits  are  needed  in  a certain  diameter 
and  the  crosstalk  is  low 

- Phantom  circuits  are  used 

At  high  frequencies  quads  do  not  show  advantages 
with  regards  tc  pairs,  except  maybe  when  a limited 
capacity  is  needed.  Due  to  the  high  frequency  of 
PCM  the  pairs  are  much  better. 
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Summary 

Several  papers  (published  or  in  course  of  publication) 
by  the  authors  are  devoted  to  the  computation  of  the 
primary  parameters  of  circuits  in  multiwire  cables. 

Two  papers*’*  deal  with  the  proximity  effect  in  uni- 
form cables  and  are  based  on  Carson's*  quasi-statio- 
nary  approach.  In  the  meantime  essentially  equivalent 
equations  have  been  derived  by  Lenahan"*  on  the  basis 
of  Kuznetsov's  theory*.  Kuznetsov's  claim  that  his 
theory  is  mere  rigorous  than  Carson's  is  refuted  here. 
For  the  effect  of  twisting  on  the  self-capacitance  of 
a circuit,  the  basic  results  of  Martin*  have  been 
corrected  by  us’  and  extended  to  the  mutual  capaci- 
tance* , thus  altering  substantially  the  accepted  theo- 
ry of  capacitive  cross-talk.  The  foundation  of  our 
theory  is  discussed  and  our  main  results  are  summariz- 
ed. 

Introduction 

Because  the  pairs  or  quads  forming  a multiwire  cable 
are  generally  twisted,  a rigorous  derivation  of  the 
propagation  parameters  from  Maxwell's  equations  is 
hopeless.  In  engineering  practice,  the  secondary 
(propagation)  parameters  are  thus  deduced  from  the 
primary  (R,L,C,G  per  unit-length)  parameters  by  ele- 
mentary line  theory  (generalized  telegraph  equations) 
and  only  the  primary  parameters  are  computed  by  field 
theory,  using  the  transverse,  quasi-stationary  appro- 
ximation. These  approximations  are  Justified  because 
of  the  relative  orders  of  magnitude  of  the  main  geo- 
metric parameters  of  the  problem  : a typical  trans- 
verse dimension  d (wire  diameter,  distance  between 
wires  of  a pair)  is  of  the  order  of  1 mm,  the  twist- 
ing pitches  h range  from  5 cm  to  1 m so  that  one  has 

h »•  d (1) 

whereas  the  shortest  wave-length  X to  be  transmitted 

satisfies 

X > h (2) 

else  the  useful  consequences  of  the  twisting  (cage 
effect  on  the  electric  field  and  averaging  of  the  ma- 
gnetic coupling)  disappear,  and  the  crosstalk  is  so 
large  that  the  cable  cannot  be  used. 

From  (l)  and  (2)  one  deduces 

X ^ d (3) 

For  perfect  parallel  conductors  in  a ;;omogeneous  die- 

lectric, condition  (3)  only  allows  to  propagation  of 
TEM  waves,  and  the  transverse  field  is  independent  of 
z (direction  of  propagation).  This  is  the  only  case 
where  the  telegraph  equations  can  be  rigorously  dedu- 
ced from  Maxwell's  equations;  moreover  the  resulting 
inductance  (L)  and  inverse  capacitance  (K  = ma- 

trices per  unit-length  are  related  by 


L/p  = e K (L) 

For  imperfect  conductors  a pure  TEM  wave  is  impossible 
I ecause  the  currents  in  the  wires  generate  longitidu- 
nal  electric  fields;  this  means  that  the  TE.M  mode  is 
coupled  to  other  nodes.  Owing  to  (3),  the  attenuation 
per  unit-length  of  the  higher  nodes  is,  however,  enor- 
mous (of  the  order  of  1/d)  wherear,  for  r/  ci  conduc- 
tors, the  attenuation  and  phase-shift  of  the  T£>!  mode 
over  a distance  of  the  order  of  d is  negligible,  else 
the  cable  would  again  be  useless.  Consequently  the 
small  coupling  per  unit-length  between  the  TEM  mode 
and  the  other  modes  can  be  computed  as  if  the  TEM 
field  was  not  propagating,  so  that  the  transversal 
penetration  problem  is  almost  separated  from  t.he  lon- 
gitudinal propagation.  This  is  the  essence  of  Carson's 
quasi-stationar>’  theory,  and  of  the  equivalent  Kuznet- 
sov's theory  discussed  in  tiie  Appendix.  The  transver- 
sal problem  is  solved  from  Maxwell's  equations  wit:; 
the  quasi-stationary  approximation  \the  magnetic  field 
produced  by  the  displacement  current  is  neglected  eve- 
rywhere) and  is  only  used  to  compute  tr.e  impedance 
matrix  Z per  unit-length.  The  telegraph  equations  ba- 
sed on  that  Z and  on  the  electrostatic  capacitance 
matrix  C hold  as  an  excellent  approximation,  arid  the 
pi-  •pc'^ation  parameters  are  derived  by  elementary  line 
thev  . ’’oreover,  with  Z = R + J-jL,  the  as^Tsptotic 
val-ue  of  L at  high-frequency  is  still  related  to 

Lju  = e K (5) 

similar  to  (L) . 

Carson's  theory,  as  summarized  above,  was  only  esta- 
blished for  good  parallel  conductors  in  a homogeneous 
dielectric.  For  a heterogeneous  dielectric,  nothing  is 
changed  as  regards  the  computation  of  Z since  the 
quasi-stationary  equations  do  not  involve  e at  all. 

As  regards  the  computation  of  K,  it  is  now  a separate 
electrostatic  problem,  so  thal  (5)  no  longer  holds  in 
the  heterogeneous  case. 

So  far  we  have  only  discussed  parallel  wires.  •Quali- 
tatively, the  effects  of  the  twisting  are  most  clearly 
understood  if  one  considers  one  energized  straight 
pair  of  parallel  wires  around  which  a second  idle 
pair  (twisted  or  not  on  itself)  is  helically  woxmd. 

The  magnetic  field  is  establised  by  the  currents  in 
the  energized  pair  and  is  liardl^  affected  by  the  eddy 
currents  in  the  idle  wires,  if  the  latter  are  thin, 
since  the  reaction  magnetic  field  has  only  a multipo- 
lar nature.  By  contrast,  if  one  considers  the  electro- 
static field  establislied  by  the  central  pair  as  if  it 
existed  alone,  it  is  obvious  that  the  wires  of  the 
second  spiralling  pair  occupy  places  of  different 
potentials  along  the  z-axis  in  that  field,  whereas 
they  should  be  equipotential . Equipotentiality  con 
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only  be  restored  if  the  total  zero  charges  on  the 
idle  wires  separate  longitudinally  into  positive 
and  negative  charges  per  unit  length  according  to 
the  position  of  the  idle  vires  in  the  field  of  the 
energized  pair.  This  phenomenon  of  longitudinal 
charge  separation  alters  considerably  the  original 
electrostatic  field,  because  the  reaction  field  is 
nov  caused  by  true  charges  and  not  by  multipoles  as 
in  the  magnetic  reaction. 

The  above  remarks  hold  for  a general  multivire  cable. 
The  modification  of  the  electric  field  by  the  twist- 
ing is  important  because  all  adjacent  pairs  from  a 
Faraday  cage  around  any  given  pair.  The  cage,  being 
equipotential , gets  charged  by  longitudinal  separa- 
tion, and  this  increases  the  capacitance  per  unit 
length  of  every  pair  by  some  10  to  15  By  contrast, 
the  magnetic  field  is  hardly  modified  by  the  cage, 
so  that  the  inductance  per  unit  length  is  almost 
unaffected  by  the  twisting.  These  remarks  hold  for 
the  pri  '.arj'  parameters  of  a single  circuit,  tut  the 
effects  of  the  twisting  on  the  mutual  inductances 
and  capacitances,  which  affect  cross-talk,  must  also 
be  estimated.  Here  again,  there  is  a consideralle 
difference  between  the  electric  and  magnetic  effects 
of  the  twisting.  Since  the  cage  is  an  almost  perfect 
electrostatic  screen,  except  for  some  (multiply)  pe- 
riodic field  patterns  (along  z)  of  periodicities  r - 
lated  to  the  twisting  pitches  and  thus  capable  of 
leaking  through  the  -age,  the  capacitive  cross-talk 
between  nor -adjacent  circuits  is  destroyed  in  gene- 
ral, i.e.  except  for  some  critical  pitch  combina- 
tions. By  contrast,  the  twisting  almost  cancels  the 
inductive  cross-talk  by  an  averaging  process  along 
the  z-axis,  except  again  for  some  critical  pitch 
combinations  where  the  averaging  is  replaced  by  a 
systematic  increase  proportional  to  z.  Since,  how- 
ever, the  averaging  process  is  different  from  the 
cage  effect,  the  dangerous  pitch  combinations  for 
inductive  and  capacitive  cross-talk  may  be  different 
or  unequally  critical. 


computation,  limited  to  the  effect  of  twisting  on  the 
Self-capacitance,  has  been  improved  by  us’  ; moreover, 
we  extended  the  theory  to  the  computation  of  the  mu- 
tual capacitance*  . 


Parallel  vires 


The  Z-matrix  is  deduced  from  the  relations  between  the 
voltage  drops  per  unit  length  and  the  currents  in  the 
vires.  These  relations  are  given  in  sec.  2 of  our  pa- 
per’ and  are  reproduced  here  with  a minor  change  of 
notation  making  dimensionless  the  arguments  of  all 
logarithms.  As  stated  in  our  first  paper'  (there  is 
some  confusion  in  this  respect  in  Lenahan"*  ) we  use  j 
for  the  imaginary  unit  in  jw  but  i for  the  90®  rota- 
tion in  the  complex  plane  of  the  cable  cross-section; 
the  notations'*'  and  Re  denote  the  conjugate  and  the 
real  part  with  respect  to  i. 


We  consider  a number  N of  parallel  wires  and  call  a 
and  Og  the  radius  and  conductivity  of  wire  s.  The 
screen  is  a cylinder  of  internal  (external)  radius 
ao(b)  and  has  conductivity  Cq.  The  complex  distance 
from  centre  of  wire  s to  centre  of  wire  t is  called 
and  this  also  applies  to  the  screen  for  s = 0. 

We  assume  a uniform  permeability  p throughout.  We  de- 
fine the  following  notations 


J ,(k  a )Y 
p-1  o o p-1 p 


; 

(?) 

0 

■ jwuOg 

(8) 

J ,(k  a ) 
n-1  s s 

1 ,(k  a ) 

n+1  s s 

(9) 

' Ck  b)Y  .(ha) 
p-1  0 p-1  0 o 

CIO) 

J /k  b)Y  'k  a ]-J  a 'Y  ,(k  b' 

p-1  O P+1  o O P+1  o o p-1  o 


For  a single  twisted  pair  in  free  space,  a spiral 
field  theor>'  has  been  developed  and  applied  to  the 
computation  of  the  inductive  cross-talk.  This  theory 
will  not  be  discussed  here  because  it  is  hardly  sus- 
ceptible of  further  generalization  and  does  not 
handle  the  cage  effect  which  is  much  more  important. 
In  fact,  the  older  cross-talk  theories  were  based 
on  the  transverse  field  approximation  where  the 
field  of  an  energized  pair  in  a given  cross-section 
is  computed  as  if  the  geometry  of  that  section  extend- 
ed to  all  z,  the  resulting  fields  being  then  rotated 
in  accordance  with  the  twisting  of  the  energized 
pair.  In  such  a theory,  the  values  of  the  elements 
of  the  Z and  K matrices  are  taken  from  the  theory  of 
parallel  wires  with  the  local  values  of  the  geometric 
parameters  and  thus  become  (multiply)  periodic  func- 
tions of  z because  tire  mutual  distances  between  indi- 
vidual wires  vary  with  the  twisting.  The  matrix  rela- 
tion between  the  charges  Q per  unit  length  and  the 
voltage  V is 

V = K Q (6) 

and  the  charges  on  the  idle  wires  are  zero  in  a sys- 
tem of  parallel  wires.  By  contrast,  for  twisted 
wires,  the  cage  effect  produces  zero  voltages  on  the 
idle  wires,  and  non-zero  charges  are  generated  by 
longitudinal  separation;  consequently  the  inversion 
of  the  linear  system  (6)  yiej.ds  different  values  for 
the  self-  and  mutual  capacitances  in  the  two  cases. 
The  above  approach  was  followed  by  Martin*  in  a paper 
which  seems  to  have  been  largely  ignored.  Martin's 
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In  the  last  equation,  the  coefficients  are  the 
solutions  Oi  the  infinite  linear  system 
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and  of  its  conjugate. 


The  above  results  have  not  been  established  in  our 
papers  but  are  almost  a particular  case  of  the  rela- 
tions {ll-l6)  when  the  latter  are  written  for  perfect 
conductors  and  transposed  from  L to  K.  In  particular, 
one  then  has  Wp  1 in  (10),  and  (ll)  reduces  to  (l8); 
simij-iirly  (12),  and  the  other  sums  in  Wp  appearing  in 
(15-16)  have  simple  closed  foim  expressions.  Finally, 
the  replacement  of  (9)  by  (1?)  results  from  the  repla- 
cement of  the  skin-effect  equation  in  the  metal  by  the 
Laplace  equation  in  the  annular  insulation  of  constant 


(s  = n = l,2, • (16) 

together  with  the  conjugate  system. 

We  now  assume  that  each  wire  of  radius  a„  (except  the 
screen)  is  surrounded  by  an  insulation  o?  radius  bg 
and  dielectric  constant  £3*  whereas  the  rest  of  the 
dielectric  has  the  constant  Cq.  The  K-raatrix  is  dedu- 
ced from  the  relations  between  the  wire  voltages  Vg 
and  the  charges  Qg  per  unit  length.  The  notations 
are  the  same  as  above  except  that  (9)  and  (ll)  are 
replaced  by 
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In  our  two  papers’’*  we  have  specialized  the  equations 
(K-16)  for  varicus  modes  (side,  phantom,  asytjmetric) 
in  a screened  pair  or  quad  and  have  derived  series 
expansions  for  the  solutions  in  terms  of  various  para- 
meters. It  is  impossible  to  summarize  here  all  our 
contributions  and  we  only  comment  on  one  important 
point. 

At  high  frequency,  the  skin-effect  lirndts  the  current 
to  a thin  layer  on  the  surface  of  the  conductors,  and 
the  asymptotic  value  of  the  impedance  can  be  computed 
by  surface  impedance  considerations.  The  first  order 
effect  on  the  impedance  can  then  be  deduced  from  the 
derivative  of  the  h.f.  inductance  with  respect  to  the 
radius.  This,  so-called  incremental  inductance  rule, 
was  discovered  by  Wheeler* and  established  more  rigo- 
rously by  Alessandrini*®.  We  have  shown  that,  if  the 
rule  is  modified  so  as  to  allow  a complex  increment 
of  the  wire  radius,  its  validity  extends  to  second  or- 
der effects.  Finally,  a similar  rule  ^ first  order  only) 
holds  for  the  effect  of  a thin  insulation  with  Eg  t c©* 
it  is  sufficient  to  consider  the  dielectric  as  homo- 
geneous with  the  value  e©  and  adopt  for  the  wires  the 
fictitious  radii 
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In  the  last  equation,  the  coefficients  A^^  are  the 
solutions  of  the  infinite  system 


This  rule  immediately  results  from  the  first-order 
approximation  of  (l?)  for  b^  s ag,  which  yields 

X /a^^  s n/a'^^  in  (2l). 
ns  s s 

Twisted  vires 

For  the  estimation  of  the  cage-effect  on  the  self 
capacitance  of  a twisted  circuit,  it  is  essential  to 
take  into  account  at  least  all  adjacent  circuits.  For 
a compact  quad  cable,  these  are  the  six  quads  surround- 
ing any  quad.  The  total  of  seven  quads  contains  28 
wires,  hence  27  independent  circuits.  It  is  convenient 
to  take  as  circuits  the  side  circuits  (2  per  quad), 
the  7 phantom  circuits  (1  per  quad)  and  the  6 super- 
phantoms formed  by  the  6 peripheral  quads  with  the 
central  quad.  An  analytic  solution  of  the  correspond- 
ing linear  system  (6)  is  out  of  question,  even  for  thin 
wires,  but  a series  expansion  in  the  parameter 
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s = b/D  (23) 

(2b  = distance  between  opposite  vires  in  a quad;  b = 
distance  between  centres  of  adjacent  quads)  up  to 
terms  in  s^  has  been  obtained.  At  that  order,  the 
effects  of  the  phantoms  are  negligible,  whereas  the 
matrices  corresponding  to  the  side-  and  superphantom 
circuits  are  circulant  and  can  be  inverted  analyti- 
cally. For  a side-circuit  in  a homogeneous  dielectric, 
and  assuming  that  all  wires  are  thin,  i.e.  for 

w = a/b  <1  (2U) 

(a  = wire  radius),  the  result  is 
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The  expression  (25)  gives  the  cage-correction  to  the 
formula  C = 2TreQ/g2  valid  for  parallel  wires.  In 
Martin's  paper,  the  factor  between  parentheses  in  the 
denominator  of  (25)  is  erroneously  replaced  by  1. 
Additional  corrections  to  (25)  in  powers  of  w,  for 
thick  wires,  are  also  given  in  our  paper. 


As  regards  the  effect  of  the  twisting  on  the  mutual 
capacitance,  we  have  only  treated  the  simplest  case 
of  two  pairs  at  constant  relative . distance  D.  If  one 
denotes  by  B(y)  the  angle  between  the  line  Joining 
the  centres  of  the  wires  of  the  first  (second  pair) 
with  respect  to  the  line  Joining  the  centres  of  the 
pairs,  our  result  to  order  s^  is 
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where  is  still  (25)  and  where 


6,  = in  ^ (28) 

2ws 

The  terms  in  1/2gj,  of  (27)  are  the  corrections  due  to 
the  twisting.  In  particular,  the  term  in  cos(y-6) 
produces  additional  critical  pitch  combinations  with 
respect  to  the  theory  of  capacitive  crosstalk  in 
parallel  wires. 


Appendix 

In  Kuznetsov's  book^  (pp.  6-T)  it  is  shown  that  un- 
der certain  approximations  the  transverse  field  is 
the  gradient  of  a scalar  function  satisfying  the 
two-dimensional  Laplace  equation  and  taking  constant 
values  on  the  wire  boundaries.  In  terras  of  the  scalar 
i't)  and  vector  (A)  potentials,  one  has 

E^r  = - Rrad^r  * ' \r  > 

and  it  is  claimed  that  A^j,  is  far  from  being  equal  to 
zero  so  that  t is  not  constant  on  the  wire  boundaries. 
Since  in  Carson  theory,  one  has  A^j.  = 0 and  ‘I*  = on 
the  wire  boundaries,  Kuznetsov's  theory  is  apparently 
more  general . 

But  the  potentials  are  only  defined  within  an  arbi- 
trary gauge- invariant  transformation  : the  new  poten- 
tials 


(J,  » S (J) 
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-r-  grad  ^ 0 

jw  tr 
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where  0 is  an  arbitreiry  harmonic  function,  leave  all 
fields  invariant.  Since  is  a gradient  in  Kuznet- 
sov's theory,  so  is  A^^.  by  difference  in  (Al).  One 
thus  can  choose  © in  (A2)  so  as  to  make  A^^.  = 0. 

In  conclusion,  Kuznetsov's  theory  is  absolutely  equi- 
valent to  Carson's  theory  as  regards  all  results  and 
only  adds  unnecessary  complications  obscuring  the 
essential  issues. 
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I Ahstraci 

I ('oiuUil:Iivc  surfaces  within  communication  lines  for 

I eleclromaiinetic  hroadbaml  signal  propagation  are  commonly 

! made  of  properly  arrangeil  wire  arrays.  Tins  paper  presents  an 

I electromagnetic  field  perturbation  theory  for  mulliwire  arrays 

I and  cylindrical  shields.  Fundamental  equations  resulting  from 

this  theor\  lend  themselves  to  the  exact  impedance  evaluation 
: of  practical  wire  array  configurations  frequently  emph/yed  in 

flexible  communication  lines.  Implementing  these  results  into 
I the  transmission  line  theor\  yields  all  characteristic  propagation 

I parameters  necess;iry  for  the  parametric  design  of  practical  flexi- 

ble transmission  lines. 

i 

Introduction 

\ 

t Nowadays,  underwater  cable  applications  necessitate 

f electromagnetic  cables  with  extensive  intrinsic  flexing  capabili- 

I ties.  Consequently,  flexible  mechanical  design  configurations  of 

^ electrical  conductor  elements  incorv^orated  within  such  cables 

j becomes  mandatory.  Performance  optimization  of  electromag- 

\ netic  signal  propagation  is  one  of  the  main  topics  in  design  of 

I modern  electromechanical  cables.  In  support  of  a meaningful 

design  effort,  the  need  for  accurate  design  tools  becomes  evident. 
Conventional  mathematical  formulations  <lerived  from  simplified 
I model  assumptions  often  prove  to  be  unsatisfactorv’  in  predicting 

[ signal  propagatiim  performance  along  flexible  conductor  lines. 


.\  complete  mathematical  representation  of  electromag- 
netic phenomena  is  obtained  by  means  of  Maxwell's  field  equa- 
tions. Investigation  of  Maxwell's  equations  for  rotationa!  sym- 
metric Held  configurations  shows  that  two  independently 
excitable  field  modes  may  exist  which  are  known  as  the  TM  and 
Tl:  modes.  In  reality,  only  the  TM  mode  field  propagates  along 
the  conductive  surfaces  with  a relatively  low  attenuation.  Any 
excited  TF  mode  field  energy  dissipates  within  a very  short  dis- 
tance from  its  point  of  excitation.  This  field  type  is  associated 
with  local  eddy  currents  generated  within  the  solid  conductors. 

For  nonrotational  symmetric  field  configuration.  TF 
and  TM  modes  cannot  exist  independently  from  each  other. 
Propagation  of  a TM  mode  signal  along  nonrotational  symmetric 
cylindrical  conductors  causes  increased  signal  power  loss  due  to 
jxnver  dissipation  by  some  eddy  currents  associated  with  tlie 
concurrent  TF  mode  field.  To  a certain  extent,  this  effect  lakes 
place  w ithin  helically  formed  wire  elements,  TM  mode  power 
dissipation  occurring  within  nonrotational  symmetric  field  con- 
figurations is  affected  by  certain  current  density  distributions  in 
direction  of  the  wire  axis.  However,  the  increase  in  power  dissi- 
pation related  to  the  TM  mode  field  structure  is  usually  much 
larger  than  the  accompanying  TF  mode  power  lo^''  rate.  Thus, 
electromagnetic  field  propagation  along  flexible  (nonrotational 
symmetric)  coaxial  lines  is  basically  of  TM  mode  nature. 

Solid  Conductor  Coaxial  Lines 


This  paper  shows  how  prediction  of  electromagnetic  sig- 
nal propagation  along  flexible  conductors  can  be  improved  con- 
siderably by  introducing  more  realistic  model  concepts.  In  order 
to  demonstrate  the  method  of  approach,  only  circular  coaxial 
line  conficurafrons  are  considereil.  However,  the  method 
described  in  this  paper  lends  itself  to  the  treatment  of  more 
complex  transmission  line  configurations,  such  as  shielded 
twisted  pair  problems  or  conductive  tape  arrangements  over 
served  outer  conductors. 

Related  to  FM  cable  application,  frequencies  are  con- 
fined to  the  range  less  than  200  MM/  which  implies  negligibly 
small  displacement  currents  and  wavelengths  many  times  larger 
than  the  transmission  line  diameter.  Since  small  signal  attenua- 
tion per  wavelength  typifies  communication  lines  in  general, 
spatial  field  rate  in  the  axial  direction  becomes  many  orders  of 
magnitudes  smaller  than  spatial  field  rates  in  transversal  direc- 
tions. These  intrinsic  system  restraints  qualify  to  assume  quasi- 
stationary  electrodynamic  field  conditions. 

Classical  electrodynamics  explains  self-consistent  trans- 
port phenomena  of  electromechanical  signal  energy  through  die- 
lectric media  enclosed  by  coaxial  conductors.  Fhe  existence  of 
time-varying  field  distributions  of  electrical  field  strength.  E.  in 
conjunction  with  magnetic  field  intensity.  H.  are  the  underlying 
reasons  in  supporting  this  phenomenon. 


Coaxial  communication  lines  with  solid  circular  cylindri- 
cal conducting  surfaces  maintain  electromagnetic  fields  of  TM 
mode  only.  Flectrical  and  magnetic  field  distributions  are  suf- 
ficiently defined  by  Maxwell's  equations.  In  axis<entered  polar 
coordinates  (r.  o.  /.).  Maxwell's  equations  for  TM  mode  field 
configurations  are  as  follows: 
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Herein  are:  f the  dielectric  constant,  the  magnetic  penneabil- 
ity.  and  o the  electrical  conductivity  of  the  medium. 

In  obtaining  electrical  and  magnetic  field  distributions 
(Ff.  F?.  and  H^).  solutions  derived  from  the  system  of  equa- 
tions must  be  specialized  for  (he  electrically  conductive 
regions  as  well  as  for  the  dielectric  region.  The  method  of 
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integration  in  obtaining  solutions  can  be  accomplished  in  t\vo 
ways; 

Phenomenolojiical  Approach.  By  introducing  dis- 
tributed network  parameters  resulting  in  solutions  amenable 
to  direct  electrical  measurement  techniques. 

Analytical  Approach.  By  analytical  metliods  in  salis- 
tVing  electrodynamic  boundan.’  conditions. 

Phcuomcnoloaica!  Solutions  (Keliin's  Method) 

The  electromagnetic  properties  ol  ilie  conductors  as 
well  as  the  dielectric  medium  are  sulTiciently  described  by  in- 
troducing distributed  network  parameters  R,  1.,  C\  and  (i 
(bigure  1).  blectromagnetic  field  quantities  are  directly  related 
to  transvers;tl  line  voltage  V and  longitudinal  line  current  I.  By 
\irtiie  of  this  field  equivalent  line  representation,  the  above  sys- 
tem of  Maxwell's  equations  reduces  to  the  system: 


Considering  perunlic  signal  propagation  along  an  infinitely 
long  line,  solution  of  I (|iiation'>  (5)  and  (bl  render  the  following 
relationships  for  voltage  and  current  distribution  along  the  line; 

V(/.t)  = I-  . (ID 

1(7,1)  = i.c  . (i:) 

i> 

Herein  is  u;  = 2nf  the  circular  signal  freqiienc>  and  y the  propa- 
giilion  constant  of  the  line  w hich  is  obtained  from  the 
relationship 

y = \ \\)  (13) 

where 

P = R + lujl  (141 

0 = C,  + iu;C  (15) 


dV 

(tZ 

= Rl  . L |i  . 

(5) 

11 

dz 

(b) 

Signal  response  along  an  infinitely  long  transmission  line  and  a 
finite  length  line  becomes  identical  if  the  cliaracteristic 
impedance 


Parameter  R combines  the  distributed  resistances  of  the  inner  and 
outer  conductors: 


is  matched  by  the  far  end  output  impedance. 


Similarly,  parameter  L.  combines  the  distributed  inductivities  of 
the  inner  and  outer  conductors  as  well  as  the  so-called  space  In- 
ductivity 1.,: 


L = L.  + L, 


— ^ Cn  — (H  in) 

r, 


Tlie  capacity  between  inner  and  outer  conductor  per  unit  line 
length  follows  from: 


In  the  same  fashion,  the  dielectric  shunting  admittance  is  repre- 
sented by: 

Ci  — (S/m)  (10) 


Ihitli  parameter; 7 and  Zo  characterize  the  transmission 
line  completely  since  the>  enter  lheor\  as  two  independent 
parameters  of  the  general  solution  of  the  system  (5)  and  (b). 
However,  no  explicit  evaUiation  of  either  parameter  can  be 
ivrformed  since  no  explicit  representation  of  P exists.  Phis 
relates  to  the  fact  that  R| . R^.  1 i . and  cannot  be  obtained 
explicitly  within  the  scope  of  the  phenomenological  approach. 

. inalytical  Solutions 

Solutions  of  the  set  of  I quations  1 1 ) through  (4)  can 
also  be  obtained  by  direct  methods  of  analysis.  It  is  required 
that  general  field  solutions  s;itisfy  certain  boundary  conditions 
established  to  match  field  discontinuities  along  interfaces 
between  conductors  and  dielectric  media.  In  doing  so.  a system 
of  linear  homogeneous  equations  for  the  constants  of  integra- 
tions remains  to  be  strived.  By  enforcing  the  associated  system 
determinant  to  become  zero,  an  eigenvalue  h is  obtained  which 
directly  corresponds  to  parameter  7 such  tha' 


i-jL,  cl 


I C//  ^2 


2 'ir 


The  value  of  h can  be  evaluated  in  terms  of  configuration 
parameters  specifying  the  coaxial  line.  Prom  field  equations  the 
characteristic  impedance  /,>  can  be  derived,  again  explicitly 
Related  to  coax  configuration  parameters.  Tlirough  the 
R'lationship 


It  follows  that 


f’  =7^0 


k"> 


Figure  1.  Distributed  Network  Parameters 
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Herein  define  Jo(  x)  and  J | ( x)  Bessel  (unctions  of  the  zero  and  a certain  equivalent  structure  formed  by  an  array  of  parallel 

first  order.  Furlherniore,  it  means  that  Hul '•(  x)  and  H|<l»(x)  wires.  Since  any  array  of  cylindrical  wires  represents  a cylindri- 

represent  first  kind  Hankel  functions  of  zero  and  first  order.  cal  configuration,  electromagnetic  field  propagation  can  be 

Parameter  k<‘>  stands  for  the  complex  wave  number  (skin  effect  expressed  in  tenns  of  conductor  impedances  as  indicated  above, 

parameter)  of  the  region  (i).  There  are  four  different  field  Figure  shows  the  ladder  network  of  distributed  parameters 

regions  associated  with  a coaxial  cable  (Figure  2).  for  a general  coaxial  line  made  of  cylindrically  arranged  wires. 


Figure  2.  Cross  Section  of  a Solid  Coaxial  Cable 


For  the  metallically  conductive  regions  (i  = 1 . Inner  conductor; 
i = 3.  outer  conductor)  it  is 


Within  the  dielectric  regions  (i  = 1.  interior  dielectric:  i = 4. 
exterior  dielectric)  this  parameter  is  representable  In 


Tlie  radii  r, . . and  rj  are  explained  in  Figure  2.  Parameters 

e(i>.  ^(i)  and  ari)  are  the  regional  dielectric  constant,  magnetic 
permeability,  and  electrical  conductivity,  respectively.  Factor 
W(r2 . r3.  k*-*.  k****) reflects  the  inlluence  of  the  current 

distribution  within  the  outer  conductor  limited  by  the  outer 
dielectric  region  (4). 

The  results  obtained  by  the  relationships  (10)  and  (20) 
can  be  obtained  by  direct  impedance  evaluations  of  the  indi- 
vidual conductor  elements.  This  means  that  the  theory  of 
electromagnetic  wave  propagation  along  cylindrical  structures 
depends  on  the  knowledge  of  the  unit  length  impedances  of  the 
inner  as  well  as  outer  conductors. 

f lexihie  Coaxial  Con  figtt rations 

Flexibility  of  transmission  lines  requires  other  than  solid 
conductor  configurations.  The  most  common  arrangement  to 
achieve  fiexible  conducting  surfaces  is  an  array  of  wires  confined 
within  some  fictitious  cylinder  surfaces.  In  order  to  enhance 
llexibility.  all  wires  are  bent  helically  by  maintaining  a uniform 
helix  geometry.  Because  of  the  helix-shaped  wire  configuration, 
electromagnetic  fields  within  flexible  coaxial  lines  are  of  semi- 
cylindrical  nature.  In  this  connection,  it  can  be  shown  that 
electromagnetic  fields  around  helically  twisted  conductor  ele- 
ments of  common  lay  length  are  basically  helically  transformed 
cylindersymmelric  fields.’  Therefore,  it  is  adequate  to  consider 


Z,  V,  L, 


Figure  3.  Distributed  Network  Parameters  of  Flexible  Cable 


Both  the  distributed  capacity  C.  as  well  as  conductivity, 
Lq.  can  be  directly  obtained  from  static  and  stationary  field 
conditions.  In  particular,  it  Is  C the  unit  length  capacity  meas- 
ured between  the  inner  and  outer  array  of  wires.  A mathemati- 
cal representation  of  C.  as  well  as  Lq.  can  be  obtained  through 
methods  related  to  conformal  mapping. 

The  transmission  line  parameters  P and  0 are  in  this 

case : 


P = ioj  Lq  + Z 1 + Z-t 

(23) 

0 = Cl  + icjC 

(24) 

Herein  are  the  impedances  of  the  inner  and  outer  conductor. 

7.\  and  Z^.  the  only  remaining  quantities  subject  of  determina- 
tion. C onsequently,  the  problem  of  electromagnetic  field  pro- 
pagation along  wire  structures  rests  upon  finding  the  unit 
length  impedance  for  each  wire  clement  of  the  conductor  form- 
ing array. 

impedance  of  Mulfiwire  Arrays 

Tlie  unit  length  impedance  of  a wire  being  a member  of 
an  array  of  parallel  circular  cylindrical  wires  can  be  determined 
from  the  electromagnetic  field  distribution  related  to  the  indi- 
ridual  wire  current  density  distributions.  In  turn,  each  wire 
current  density  distribution  is  affected  by  the  external  field 
distribution,  thus  strongly  influenced  by  the  intensity  and 
geometry  of  all  other  wire  current  density  distributions. 

For  general  wire  arrays,  this  multiwire  array  problem  has 
l^een  solved  in  a rigorous  manner.  It  is  the  purpose  of  this  sec- 
tion to  outline  the  method  of  the  approach. 


Single  H'ire  impedance 

A general  wire  impedance  representation  can  be  obtained 
in  terms  of  electromagnetic  field  quantities  at  the  surface  of  the 
wire.  This  relationship  can  easily  be  derived  from  the  complex 
Poynting  theorem  by  expressing  the  wire’s  rate  capability  of 
storing  as  well  as  dissipating  electromagnetic  field  energy.  For 
a wire  segment  of  one  meter  length  and  radius  a,  its  impedance 
Z can  be  evaluated  by  the  complex  valued  relationship 
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(25) 


In  this  way  it  is 


Z ” J t ^(a,  0)11^  (a.  0)  do 
o 

In  this  formula  there  are  I the  total  wire  current,  I'-zla.  o>  the  wire 
axial  electrical  field  strength,  and  M(a.  0)  the  a/imuthal  magnetic 
field  strength  on  the  wire  surface.  The  asterisks  symholi/e  the 
conjugate  complex  quantity. 


H = + h (261 

Tor  any  point  within  the  dielectric  region,  the  magnetic  field  is 
certainly  free  of  sources,  hence 

div  H = 0 (27) 


ii’ire  Array  Geometry 

An  array  of  N wires  arranged  in  an  axis  parallel  fashion  is 
uniquely  defined  by  specifying  each  wire’s  center  by  the  com- 
plex number  + ir?,  (i  = 1.2,...  N),  together  with  the  corre- 

sponding wire  radius  a,  (i  = 1 . 2. . . . N).  F igure  4 illustrates  this 
situation  for  N = 4. 


Figure  4.  Array  of  Parallel  Wires 


Within  the  wire  boundaries  C',  defined  by  the  circle  of  radius  a, 
about  its  center  ?,  the  electric  conductivity  of  the  wire  material 
shall  be  and  the  magnetic  permeability  The  total  current 
within  the  i-th  wire  is  denoted  by  symbol  I,.  ITirtherinore.  all 
electromagnetic  field  symbols  associated  with  the  field  quantities 
within  the  i-ih  wire  can  be  identified  by  the  superscript  (i).  Non- 
superscnpted  field  symbols  refer  to  the  wire  external  field  region. 
Tlie  wire  external  field  region,  or  dielectric  region,  is  of  homo- 
geneous nature.  Its  electromagnetic  field  properties  are  specified 
by  the  dielectric  constant  e and  the  magnetic  permeability  u 
l)ielectr:c  loiwes  within  the  external  region  are  considered  to  be 
zero.  C onsequently,  no  electric  current  will  be  present  within 
that  region  since  any  displacement  current  is  considered  to  be 
nonexistent  for  reasons  mentioned  above. 

U’ire  Externai  Magnetic  EieUi 

.All  electric  current  paths  within  wires  arc  parallel  and 
perpendicular  to  the  r?  plane,  thus  the  magnetic  field  H excited 
IS  of  plane  type  expressible  i ' terms  of  components  lying  within 
the  n plane.  1 he  magnetic  field  H is  composed  of  two 
components: 

• The  fundamental  (unperturbed)  magnetic  field 

• The  multipole  (perturbing)  magnetic  field 


This  implies  that  an  associated  vector  potential  exists  which  can 
only  exist  within  the  interior  of  the  wires.  Hie  vector  potential 
distribution  must  be  identical  with  the  current  density  distri- 
bution within  each  wire.  I or  the  fundamental  magnetic  field 
component,  a scalar  contour  line  integral  performed  around  the 
i-th  wire  contour  line  (magnetic  circulation)  must  be  equal  to 
the  total  wire  current  I,.  Since  perturbation  of  current  distri- 
bution does  not  affect  the  amount  of  magnetic  circulation 
around  each  wire,  the  n.iture  of  the  perturbing  magnetic  field  h 
corresponds  to  the  presence  of  an  infinite  set  of  fictitious  cur- 
rent n-tuples  at  each  wire  center.  This  n-tuple  generating  the 
external  magnetic  field  component  h is  equivalent  with  the 
actual  current  density  distribution  which,  in  turn,  is  responsible 
for  perturbing  the  unperturbed  current  density  distribution. 


From  mathematical  considerations,  it  is  derived  that  the  external 
magnetic  field  can  be  conveniently  expressed  in  a complex 
valued  orthogonal  coordinate  system.  For  any  point. f = x + ly, 
within  the  dielectric  region  there  exists  the  following  represen- 
tation of  components; 


H^(x.  y.  7.  t)  = ^.tihz+u-'ii  Im^^  - 

1=  1 

\ 

■ 2r  ^ <, 


l!^<  X.  y.  7. 1 > 


If 


CS) 


(:‘i| 


• 1.^01 


h,  (V.  V.  /.  I) 


It  f,l 


n+ 1 


(31  > 


Hie  set  of  coefficients  Cn  ’ |i  = 1 . 2.  . . N.  n = 1 . 2.  ...I  relates 
to  the  n-tuple  current  distribution  amt  will  be  svibject  to  solution. 


For  the  s;ike  of  convenience,  the  total  external  magnetic 
field  can  be  expressed  m terms  of  polar  coordinates  with  the 
origin  at  the  center  of  the  k-th  wire.  In  this  way,  the  radial  and 
a/imuthal  field  components  become 


II, (r.  «.  /.  t»  = Ini 
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and 


•E, 


'"Efi  I- 


t.  {, 




n,  ?,)"*'_ 


In  both  formulas 


with  r > a. 


h’irt*  internal  i'ieUls 


f = rciO 


(.^3) 


(34) 


Till-  toliil  (.'Ifclroinagnctic  fii-ld  within  fach  win'  consists 
of  some  unpcrturhccl  t'lekl  components  to  w hich  perturhing  com- 
ponents arc  superimposed.  Within  the  boundary  circle  ('k  of  the 
k-th  wire,  the  electrical  field  can  be  expressed  as  follows: 


Ufk)  = ijlk)  + pikl 
o 

Similarly,  the  magnetic  field; 

jj)k)  _ jj(k)  ^(k) 


(35) 


(3b) 


Both  field  distributions  are  interrelated  by  virtue  of  Maxwell's 
equatjf^ns; 


ciirlH^^^  = . 

curlE**^^  = iu;/j  H*' 


(37) 

(38) 


Because  of  the  wire  gcomelr>  . there  is  > = 0.  In  com- 

bining the  last  two  equations  and  introducing  polar  coordinates 
with  origin  at  the  wire  center,  one  obtains  the  following  differen- 
tial equations  for  both  components  of  axial  electrical  field 
strength: 


_d_ 

^r 


Ir  V-j  ^ ^ + k"''  = rc','‘>  = 0 . 

dr  \ ar  / r r 


(34) 


(40) 


3«- 

Dte  complex  wave  number  k'''*  is  defined  with  reference  to 
I quation  (31). 

I'rom  the  solutions  of  I quations  (34)  and  (40).  the  mag- 
netic field  components  are  obtained  as  follows; 


„(U  . 


H;'‘'(r,o)  = 0 

3b<>'' 


1 


icag  M 


(k)  ar 


and 


(,(kt  = - 


1 


I 


,,Jk) 


(k)  r ad 


(41) 


(43) 


(43) 


,,.(k) 


(k)  dr 


(44) 


By  selecting  proper  solutions  of  differential  ! cjuations  (3^ ) and 
(40)  the  electrical  and  magnetic  field  distributions  within  the 
wire  can  finally  be  written: 


l^^^'tr.  0.7.0  = e"'''*“"  X 

OO 

X Ji,(k"'*r)  cos  no  + bj,^’  sin  no| 


(45) 


n = 0 


, , I ^i(h7  + u)l) 

"r  rr—7i:T" 


X nJ^jIk'^'V)  |a'||‘' sin  no  b|^*^’ cos  no|  . (4b) 


H'^'''(r.o.7,t)  = e'"''*‘'^" 


J,(k'^'r) 


‘‘k  J,(k'’''a.) 


(k)  ” ^ 1 

+ — — S ' J'„(k‘^’r)  la*!''  cos  no  + b'J*'  sin  no)  . (47) 

t'o  -1 

Tlie  wire  external  magnetic  field  distribution  as  well  as  the 
electrical-magnetic  field  within  the  wire  depend  on  the  knowledge 
of  three  sets  of  complex  valued  coefficients.  an*^‘.  bn^*^^  and 
Cn**^ ' (k  = 1 . 3.  . . . N:  n = 1 . 7. . . .).  All  coefficients  can  be 
evaluated  in  terms  of  solutions  derived  from  a set  of  linear  equa- 
tions. The  set  of  equations  is  obtained  by  meeting  well-know  n 
boundary  conditions. 

Houndary  Conditions 

The  external  and  wire  internal  magnetic  field  distribu- 
tions are  related  to  each  other  since  certain  field  continuity 
requirements  must  be  met  along  the  wire  interface  surlace  com- 
mon to  both  regions.  In  defining  a point  {:  = ?k  a^e*^.  at  the 
surface  of  the  k-th  wire,  compulsory  magnetic  field  boundary 
conditions  are  as  follows. 


•C,  'V‘’k' 

,,(k  >lllk  )« 


= pH^(aj,.0),(k  = 1, 


. N)  . (48) 

. ..N)  . (4‘)) 


Both  boundarv'  conditions  are  conveniently  met  by  confronting 
Fquations  (33)  and  (47)  as  well  as  liquations  (32)  and  (46),  re- 
spectively. In  this  manner,  the  following  two  identities  become 
established: 


2ffa,.  ,,(k) 


Re 


^ ^ Jj^(k**"^aj.)|a*J^\'Osn0  + bJ|^Nin  np]  = 

n=  1 

IS  r OO  . 1 -n 

loyrA.. I .y  — — 1 


N 


(k  = 1. : 


. N) 


(50) 
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r 


Im 


nJ„(k**‘’a|j)|a5|‘’  sin  n0  - cos  nci 

n=  1 

Nr  <a 

y [A ^ ,y ^ 


(k  = I. :, 


n=  J 

. N) 


I 


(51) 


Both  equations  are  valid  for  any  wire  which  requires  that  N such 
pairs  of  equations  exist.  From  this  system  of  equations,  both 
coefficients,  an'k)  as  well  as  bn'kl,  can  be  easily  expressed  in 
terms  of  the  coefficient,  Cn*k).  This  is  accomplished  by  virtue  of 
the  orthogonality  property  of  the  eigen  function  set  cos  nb  and 
sin  no.  In  performing  the  analysis,  all  resulting  integrals  can  be 
expressed  in  terms  of  complex  valued  contour  integrals  which, 
in  turn,  are  easily  evaluated  by  applying  the  residue  theorem. 
After  some  lengthy  but  elementary  algebraic  modifications,  a 
final  set  of  linear  equations  for  the  set  of  complex  valued 
coefficients 


can  be  obtained : 


(i=  1,2 N;  m=  1,2 1 


(52) 


,(s)* 


N j- 

A 

h=l  *- 


(ts  - fs'" 


+ 2ii(-l)"' 


» tm  + q - 1)  1 

EV  nt  - I ' x'b) 

(j.  - f )n'^q  h _ 


q=l 

(s  = J , 2, . . . N;  m = 1 . 2, . . , 

Together  with  its  conjugate  complex  set  of  equations 
N r , 

= g'*'*  V h rt  s ^ + 2r(-l)"’  X 

h=i 

°°  /m  + q - I \ 1 

X \ m - I / ^(h)* 

^ ({;  - o”'*'*  '*  J 

q=l 

(s=  1,2 N;  m=  1,2 ) 


(53) 


(54) 


a complete  set  of  linear  equations  for  the  parameter  Xm**'  is 
established.  The  abbreviation  symbol.  gm*‘*.  appearing  in  both 
equations  stands  for 


Mm-l(k'»\)4| 

I'-Jr,) 

1 

('-5n) 

(55) 

For  many  practical  wire  configuration  cases,  the  infinite  set  of 
linear  equations.  F.quations  (53)  and  (54),  may  be  simplified  by 
truncation  of  higher  order  terms  without  impairing  the  accuracy 
of  the  solutions. 


The  remaining  sets  of  coefficients,  and  bn^fi^  are 
obtained  in  terms  of  by  means  of  the  relationships; 


A\) , 


and 


4icJM  u 


Re{x<''} 


,,m+ 1 


‘“'('-Tn) 


,(k<"a,)+(l+-^^)j„.|(k' 


,(i» 


a,l 


(i=  1,2 N;  m=  1.2 ) 


(56) 


4iu)p  u 


Imjx'' 


,m+l  i.li) 


( i = 1 , 2 . . . . \ ; m = 1 . 2 . . . . ) , (57) 

With  the  knowledge  of  the  set  of  coefficients  Xm***  all  electro- 
magnetic field  quantities  can  be  evaluated  at  any  field  point. 
Thus,  evaluation  of  any  wire  impedance  can  easily  be  performed 
by  means  of  Equation  (25),  Inspection  of  coellicients  associ- 
ated with  the  linear  set  of  Equations  (53)  and  (54)  reveals  that 
solutions  Xm*'*  are  strongly  influenced  by  wire  array  geometry. 
Consequently,  current  distribution  as  well  as  wire  impedance 
represent  quantities  depending  on  wire  array  configuration. 

For  an  array  with  large  enoiigli  spacings  between  w ires,  all 
coefficients,  Xm'd.  approach  zero  as  spacings  increase  beyond 
any  limit.  For  this  situation,  only  (he  zero  order  term  of  the 
current  distribution  remains  being  related  to  the  seK-imposed 
wire  internal  skin  effect.  As  the  wire  spacings  decrease,  higlier 
order  current  terms  become  dominant  altecting  distribution  of 
current  density  within  the  wire  conductor  This  ellect  is  com- 
monly known  as  proximity  effect.  For  this  reason,  the  system 
of  Equations  (53)  and  (54)  shall  be  called  current  |x*rturbation 
equations  (CPE). 

Impedance  of  a Linear  Wire  Array 

For  some  special  symmetric  configuration  cases,  solu- 
tions to  Equations  (53)  and  (54)  become  accessible  to  closed 
form  evaluation  methods.  Such  a case  represents  the  infinite 
linear  array  of  wires  with  equal  radius,  a.  and  uniform  spacing. 
2d  (Figure  5). 


iq  • 


Fifurv  5.  Infinltt  Lintar  Wire  Array 
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Filing  the  wire  centers  along  the  imaginary  axis  yields 

= :in(a  + d)  (n  = 0,  ± 1,  ±2. . . .)  . (58) 

After  some  elementary  modification,  CPE  for  the  linear  wire 
array  becomes: 

OO  y 

>:n  = kp-i  + 

r=o  n ' 


’(p+q)  1 '2q 


,(n=  1,2, 


(P=  1,2, ...)  . (62) 

Complex  valued  solutions  rjp  (p  = 1,2,...)  derived  from  the 
linear  system  of  Equation  (62)  allow  impedance  evaluation  of  a 
unit  length  wire  situated  at  the  circumference  of  the  array.  In 
this  manner  the  formula 


where 


1 

2i7l(2m)!|  = 


The  numbers  Bln- 1 (n  = 1,  2,  ...)  are  Bernoulli's  numbers 
(Bi  = 1 6,  Bj  =\liO.  Bs  = 1/42,  Bt  = 1/30 ).  A fast  con- 

verging senes  representation  for  the  coefficients  is  obtained  by 
repetitive  resubstitution  of  the  relationship  (39)  upon  itself. 
Finally,  evaluation  of  the  wire  impedance  according  to  Equa- 
tion (25)  renders: 


is  obtained. 


i 


k ( I ^ 1 r_r!_f  X 

■ eatrl  2 J|(ka)  ,+  d 

' L aJ 

[ L -■»(' 

The  first  term  within  the  bracket  represents  the  well-known 
single  wire  impedance.  By  this  representation,  single  wire  im- 
pedance is  formally  established  in  performing  the  limit  d . 

Served  Wires 

Arrays  of  wires  representing  N served  (or  braided)  wire 
arrangements  can  be  treated  by  centering  N wires  at  the  apexes 
of  a regular  N sided  polygon  with  the  diagonal  2R.  The  n-th  wire 
center  coordinate  representation  in  the  complex  plane  becomes: 


(n=  1.2 N) 


.Again,  the  corresponding  CPE  can  be  derived  by  specialization  of 
Equations  (53)  and  (54).  The  final  set  of  linear  coefficient 
equations  can  he  written  in  tlie  form 


In  utilizing  this  served  wire  impedance  theory  a numeri- 
cal program  has  been  derived  to  evaluate  practical  served  wire 
configurations  commonly  used  in  flexible  coax  structures. 
Figure  6 displays  the  computed  frequency  response  curve  of  a 
5(v  and  a 300'Wire  serve  arrangement.  The  numerical  represen- 
tation is  made  in  a dimensionless  parametric  manner.  The  skin 
effect  parameter  related  to  the  inner  enveloping  cylinder  has 
been  chosen  for  the  dimensionless  frequency  variable  x.  Real 
part  Rs  as  well  as  imaginary  part  uiLs  of  the  served  wire  imped- 
ance are  normalized  with  respect  to  the  real  part  Ri  and  imagi- 
nary part  oj  Lt  impedance  of  a solid  conductive  tube.  This  tube 
of  reference  is  made  of  the  same  conductive  wire  material  and 
its  inner  and  outer  cylinders  correspond  with  the  inner  and 
outer  enveloping  surfaces  of  the  served  wire  structure.  At  a 
certain  specific  frequency,  the  real  part  impedance  ratio 
assumes  a minimum  which  is  smaller  than  one.  For  this  fre- 
quency, the  power  loss  within  the  served  wire  is  less  than  the 
corresponding  loss  within  the  solid  reference  tube.  This  phen- 
omenon is  qualitatively  explainable  by  the  fact  that  crowding 
of  current  density  lines  shifts  toward  higher  frequency,  less 
power  dissipation  is  experienced  when  subdividing  a homogene- 
ous conductive  domain  into  smaller  subdomains.  However, 
with  frequency  further  increased,  proximity  effect  becomes 
noticeable  as  current  crowding  advances  progressively.  Conse- 
quently. for  high  enough  frequencies,  power  dissipation  within 
the  served  wire  arrangement  will  exceed  the  power  loss  taking 
place  within  the  reference  tube  and  a transition  minimum  will 
develop.  This  phenomenon  is  well  described  in  literature. “ 

The  multiwire  impedance  theory  has  been  extended 
toward  numerical  evaluation  of  braided  wire  structures  as  well 
as  wire  strands. 

Flexible  Coaxial  Line  Program 

Based  on  the  multiwire  impedance  theory,  a series  of 
numerical  computer  programs  have  been  devciopi-d  to  aid  the 
coaxial  cable  design  effort.  Figure  7 shows  the  calculated 
attenuation  response  for  the  flexible  coaxial  line  RC.  58U. 
Calculation  is  based  on  configuration  data  taken  from  MIL 
Handbook  21('.  The  broken  line  shows  the  nominal  mean  line 
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Figure  6.  Normalized  Representation  of  Served  Wires  Impedance  (56  and  300  Wires) 


Figure  7.  Computed  Attenuation  Response  of  Coaxial  Line  RG  &8C/U  (Solid  Line  ■ Computed  Curve. 
Broken  Line  * Mean  Value  Curve  Taken  From  MIL  Handbook  216) 


of  attenuation  response  as  indicated  in  the  handbook.  Transition 
minimum  of  flexible  conductor  impedance  response  can  be  recop- 
no/ed  by  inspection  of  the  attenuation  response  cune. 

Calculation  shows  that  the  value  of  minimum  becomes 
less  pronounced  as  wire  coverage  increases.  Therefore,  stranded 
inner  conductor  wires  which  are  defonned  into  a closely  pack- 
aged array,  indicate  an  impedance  response  with  shallow  transi- 
tion minimum.  Numerical  as  well  as  experimental  investigations 
of  corresponding  line  attenuation  studies  certainly  reflect  this 
trend  by  displaying  less  undulatory  attenuation  response  curves. 

Practical  coaxial  cable  design  work  requires  parametric 
evaluations  of  structures  made  of  various  flexible  conductor  ele- 
ments. F'or  this  purpose,  a set  of  numerical  routines  has  been 
developed  utilizing  the  wire  impedance  method  on  the  principle 
of  combining  different  types  of  coaxial  inner  and  outer  conduc- 
tor configurations.  Outer  conductor  designs  include  multilayer 
served  and  braided  wire  con.'^tructions  as  well  as  multiconductive 
layers  of  solid  metals.  Served  wire  constructions  w ith  cylindrical 
shielding  can  also  be  investigated  by  this  routine.  Inner  conduc- 
tor types  relate  to  multilayer  wire  strand  configurations  and 
multilayer  solid  metals. 

Required  input  parameters  for  all  programs  are  design- 
oriented  configuration  data  such  as  number  of  wires,  picks  per 
inch,  etc.  All  necessary  conversions  to  geometric  configuiatiiin 
parameters  required,  by  the  numerical  progr  irt  aic  carried  out 
internally,  such  as  w irc  diameter  ratios,  wire  lav  angles,  wire 
coverage,  etc.  Output  data  obtained  from  the  program  relates 
to  frequen.A  response  of  the  complex  valued  characteristic  im- 
pedance. signal  attenuation,  phase  velocity,  and  distributed  line 
parameters. 

Program  coding  has  been  done  in  TOR  I R.AN  IV.  In 
utilizing  high-speed  data  processors,  computation  time  for  a set 
of  output  data  per  given  frequency  is  less  than  0.5  second.  Par- 
ticular attention  has  been  directed  toward  the  numerical  evalua- 
tion of  both  kinds  of  Ilankel  functions  for  complex  arguments 
extending  over  almost  tlieir  entire  validity  range.  A special 
Mankel  function  subroutine  has  been  developed  which  is  based 


on  certain  integral  representations.  This  subroutine  renders  higli 
accuracy  combined  with  computer  lime  efficiency  in  perlorm- 
ing  numerical  evaluations  requested  by  the  algorithm. 

( 'onclusiitn 

The  problem  of  quasislalionarv  electromagnetic  field 
distribution  in  the  vicinity  of  parallel  circular  cy  lindrical  arrays 
of  conductive  surfaces  can  be  treated  in  a general  manner.  As 
indicated  in  this  paper,  results  of  the  theory  have  been  special- 
ized successfully  for  electromagnetic  field  problems  related  to 
flexible  coaxial  cable  systems.  Turther  specialization  of  this 
theory  allows  electromagnetic  field  representation  along  non- 
coaxial cylinder  conductors.  Particularly,  parametric  field 
representations  can  be  derived  for  a shielded  array  of  noncoax- 
ial conductive  w ires.  The  case  of  shielded  pair  of  w ires  repre- 
sents the  most  simple  case  and  has  been  investigated  success- 
fully. Results  obtained  have  been  applied  in  tlic  development 
ot  a computer  design  program  for  shielded  twisted  pair  lines. 

The  electromagnetic  field  representation  along  a parallel 
wire  array  can  be  applied  toward  many  other  cable-related  field 
problems  of  significant  technical  importance.  One  group  of 
problems  relates  to  cross  talk  through  cylindrical  shields.  By 
proper  application  of  tlie  rnultiwirc  impedance  theory,  evalua- 
tion of  mutual  impedance  can  be  achieved  for  many  configura- 
tion cases. 

.Another  application  of  the  nuiltiwire  impedance  theory’ 
has  been  extended  to  the  study  of  distortion  of  coaxial  fields 
due  to  a certain  eccentricity  deviation  of  two  nominally  coaxial 
O'l^Jder  conductors. 
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DUCTILE  PLASTIC  OPTICAL  FIBERS  KITH  IMPROVED 
VISIBLE  AND  NEAR  INFRARED  TRANSMISSION 
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Summary 

Optical  fibers  with  a polyfmethyl- 
methacrylate) , P(MMA),  core  and  a glassy 
polymer  cladding  have  been  prepared  with 
attenuation  less  than  500  dB/km  at  650  nm 
wavelength.  Ductility  is  achieved  by 
molecular  orientation  of  the  polymer  in 
the  fibers  which  exhibit  elongation  ex- 
ceeding 100».  Tough  fibers  can  be  pro- 
duced with  large  core  diameter  and  high 
numerical  aperture  which  augment  coupling 
to  opto-electronic  devices.  The  absorp- 
tion spectrum  of  P(MMA)  includes  bands  in 
the  near  infrared,  but  the  absorption  bands 
of  poly (perdeuteromethylmethacry late ) , 
P(MiMA-dgl  , are  displaced  to  longer  wave- 
lengths providing  windows  for  transmission 
in  the  near  infrared.  Fibers  with  a 
P(MAA-dg)  core  retain  'he  mechanical  prop- 
erty advantages  of  the  protonated  counter- 
part and  are  suitable  for  optical  trans- 
mission links  of  100  meters  length. 


Fibers  for  Visible  Transmission 


Although  remarkable  advances  have 
been  realized  in  producing  high  strength 
optical  fibers  from  inorganic  glasses',  the 
low  elongation  of  these  brittle  materials 
imposes  a limit  to  the  fiber  diameter  for 
practical  bend  radii.  Most  glass  fiber 
manufacturers  have  selected  fiber  diameters 
of  less  than  ISO  urn  with  active  core  di- 
ameters of  multimod^,  step  index  guides  on 
the  order  of  60  um.'-*^  High  insertion 
losses  from  light  emitting  diodes  are 
typical  for  doped  silica  fibers  due  to  the 
small  core  diameter  and  low  numerical  aper- 
ture. Fibers  from  compound  glasses  can  be 
produced  with  higher  numerical  aperture‘s, 
and  plastic  clad  silica  fibers  offer  both 
larger  core  diameter  and  higher  numerical 
aperture^,  hut  both  classes  incorporate 
other  disadvantages. 


Glassy  organic  high  polymers  can 
be  processed  to  fibers  with  axial  molecu- 
lar orientation  which  imparts  ductility  to 
the  fiber.  The  tensile  properties  of  a 
typical  fiber  with  an  oriented  polyfmethyl- 
methacry late)  core  and  a thin  cladding  of 
a lower  index  glassy  polymer  arc  compared 
to  a silica  fiber  in  Figure  1.  Although 
the  modulus  and  strength  of  the  plastic 
are  significantly  lower  than  the  silica, 
the  plastic  fiber  exhibits  a distinct 
yield  point  at  1 1 500  psi  (79.3  MI’a ) stress 
and  5.7^  elongation.  The  fiber  elongation 
at  failure  substantially  exceeds  100^. 

This  ductile  failure  mode  makes  it  possible 
to  fabricate  large  diameter  fibers  with 
superior  toughness.  The  apparent  defi- 
ciency in  strength  is  readily  offset  with 
supplementary  tensile  members  in  a cable 
structure  such  as  PFX-P140R  in  which 
Kevlar®  aramid  reinforcing  fibers  provide 
a breaking  strength  exceeding  25  kg. 


FI6URE  I 

TENSILE  PROPERTIES  OF  DUCTILE  PLASTIC  OPTICAL  FIBER 
ISOOOr-  I I ] I --  I I — ■ 


Ihe  configuration  of  the  optical 
fillers  discussed  in  this  paper  is  described 
in  Table  I.  Diametral  variation  is  small, 
and  both  circularity  and  concentricity  are 
excel  lent  . 
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TABLE  I 


CONFIGURATION  OF  PLASTIC  OPTICAL  FIBERS 


Parameter 

Units 

Mean 

St'd  Dev. 

Outside  Diameter 

urn 

400 

10 

Core  Diameter 

uni 

368 

9 

Cladding  Thickness 

urn 

16 

2 

Eccentricity 

ym 

2 

maximum 

The  refractive  ind 
polymer,  1.49,  and  the  low  r 
dex  of  the  cladding  polymer, 
3 numerical  aperture  of  0.54 
The  numerical  aperture  at  th 
points  is  0.55  at  steady  sta 
diameter  and  high  numerical 
the  bases  of  high  coupling  e 
which  provide  fabricators  an 
more  facile  and  less  expensi 
technology  than  required  for 
wave  guides. 


ex  of  the  core 
ef rac t i ve  in- 
1.39,  provide 
at  650  nm. 
e -10  dB  power 
te.  The  large 
aperture  are 
f f iciency 
d end  users 
ve  connector 
glass  optical 


The  near  infrared  spectrum  of 
P(MNL-\3  core  optical  fibers  is  dominated  by 
absorption  from  higher  harmonics  of  the 
carbon-hydrogen  stretching  vibration  at 
900,  740,  and  622  nm . These  spectral  ab- 
sorption peaks  are  inherent  to  the  mate- 
rial and  do  not  arise  from  impurities. 

At  wavelengths  below  600  nm,  scattering 
contributes  increasingly  to  attenuation. 
The  spectrum  of  Figure  2 shows  that  the 
optimum  carrier  wavelength  is  650  nm  at 
which  the  attenuation  is  well  below  300 
dB/km.  The  performance  of  these  fibers  = 
simulated  communications  systems  is  indi- 
cated in  Figure  3.  Coupling  effic.enc^ 


is  high  vis-a-vis  doped  silica  fibers,  and 
transmission  1 inks  in  excess  of  50  meters 
at  -40  dBm  are  possible  with  these  fibers 
and  inexpensive  LED's. 


FIGURE  3 

SYSTEM  PERFORMANCE. P(MMA)  CORE  FIBERS 
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Fibers  for  Near  Infrared  Transmission 

Near  infrared  carrier  wavelengths 
are  preferred  to  visible  for  many  -ptical 
communications  systems  because*’ 

• silicon  detectors  are  somewhat  more 
sensitive  in  the  near  infrared, 

• GaAs  or  GaAlAs  infrared  LED's  and 
diode  lasers  provide  higher  power 
and  faster  operation  than  currently 
available  visible  emitters,  and 

• most  inorganic  glass  fibers  have 
attenuation  minima  between  800  and 
900  nm. 


^IQUWE  2 

ATTENUATION  SPECTRUM  P(MMA)CORE  FIBERS 


Plastic  optical  fibers  compatible  with 
these  more  highly  developed  components 
would  be  desirable. 

The  fundamental  oscillation 
Frequency  of  a covalently  bonded  atom  pair 
IS  determined  to  a first  approximation  by 
the  bond  force  constant  and  the  reduced 
mass'  of  the  system. 


The  harmonic  frequencies  can  be  calculated 
by  quantum  theory  for  anharmonic  diatomic 
oscillators** 


nuy[l-  (n-FDxl 
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in  which 


Uq  is  the  fundamental  frequency, 

k is  the  bond  force  constant, 

m,M  are  the  masses  of  the  atoms  in 
*hc  bonded  pair, 

v„.[  is  the  frequency  of  the  harmonic. 

n is  the  quantum  number  of  the 

higher  quantum  energy  level,  and 

X is  the  anharmon ic i t V ratio  to 

account  for  the  asvmmetrv  of 
the  potential  well'. 


I'he  replacement  of  hydrogen  in  l’(MMA)  by 
deuterium  substantially  alters  the  reduced 
mass  of  the  atom  pair  responsible  for  ab- 
sorption peaks  in  the  preferred  spectral 
region  without  changing  the  bond  force 
constant.  I'he  theoretical  peak  wave- 
lengths for  P(MMA-ds)  calculated  from  (1) 
and  (2)  utilizing  tiic  fundamental  fre- 
quency and  the  anha rmon i c i ty  ratio  ob- 
served experimentally  for  the  conventional 
polymer  are  reported  in  fable  II.  The 
data  imply  useful  transmission  windows  at 
about  700  nin  and  80(1  nm. 


TAUl.H  II 

AB.S0RPT10\  PHAK  WAVPLh.N’tlTH.S 
t:-n  ovPRTONP.s 

X = 0.0  1(1 2 
M = 12,  m = 2 
uiptC-lI)  = .1048  cm"  ^ 


n 

''n-l 

\l-  1 

cm"  * 

nm 

1 

21(i4 

40  21 

2 

4 2 5(' 

25  50 

0275 

1 50  4 

■\ 

8222 

121" 

s 

1 0000 

00  0 

1 1 808 

840 

1.5028 

7."  4 

a 

15285 

0 4 

Perdeu t era t ed  po ly (methy Imet h - 
acrvl.ite/  h.i.s  s rn  t h<’S  i zed  (0.0.75  isotopic 
enrichment  bv  nil  MHz  II  NMR)  by  route; 
described  previously!',  and  processed  into 
optical  fibers.  Ihc  attenuation  spectrum 
of  these  experimental  fibers,  Pigure  1, 
essentially  duplicates  the  theoretical 
pred  1 c t i ons  . 

Ihc  spectrum  of  glass  fibers  in- 
cludes overtone  absorption  peaks  from  re- 
sidual (1-11  impurities  at  070  and  740  nm . 
Similar  peaks  are  expected  in  plastic 
fibers.  Since  organic  polymers  are  per- 
meable to  water,  the  magnitude  of  the 
absorjition  due  to  hydroxyl  is  related  to 


the  exposure  conditions.  The  influence  of 
dissolved  water  on  a P(MM.\-dg)  core  opti- 
cal fiber  equilibrated  at  2.'?°C  and  (lOJ 
R.li.  is  indicated  in  figure  4.  Absorption 
peaks  occur  at  the  expected  wavelengths 
and  have  little  influence  on  the  attenu- 
ation at  the  optimum  wavelengths  for  trans- 
mission. The  process  is  completely  revers- 
ible. 

The  refractive  index  of  P(MMA-dg) 
is  1.48  at  (i5()  nm . The  numerical  aperture 
is  essentially  identical  to  conventional 
I’lMMA)  fibers  with  the  same  cladding.  .Vs 
expected,  the  thermal  and  mechanical  prop- 
erties of  the  polymer,  except  density,  are 
almost  unaffected  by  isotope  exchange. 
Optical  fibers  with  I’(MMA-djj)  core  retain 
the  toughness  of  the  protonated  counter- 
part . 

figure  .S  demonstrates  the  com- 
patibility of  P(MMA-dgl  core  fibers  with 
near  infrared  sources. 


FIGURE  5 

SYSTEM  PERFORMANCE,  PlMMA-dal  CORE  FIBERS 
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length,  MFifRS 


The  RCA  gallium  aluminum  arsenide  I.fl)  can 
power  transmission  links  of  10('  meters  at 
- to  dB„,  at  rates  to  150  MHz  (.1  df.  point) 
although  the  emission  wavelength,  820  nm , 


354 


is  not  ideally  matched  to  the  fiber  atten- 
uation minimum  at  790  nm.  The  Hewlett- 
Packard  device,  based  on  inexpensive 
gallium  arsenide  phosphide  technology,  is 
suitable  for  data  transmission  at  rates  to 
5 Mil:  and  may  provide  equal  transmission 
length  because  the  peak  emission  wave- 
length is  more  closely  matched  to  a fiber 
attenuation  minimum  at  (i90  nm. 


Cone lus ion 

Optical  fibers  from  organic  high 
polymers  have  been  developed  with  attenu- 
ation in  the  visible  and  in  the  near  infra- 
red spectrum  below  .TOO  dB/km.  Ductility 
and  outstanding  toughness  in  large  di- 
ameter fibers  is  achieved  through  molec- 
ular orientation.  Cood  coupling  efficiency 
and  lower  attenuation  than  reported  here- 
tofore establish  these  fibers  as  candi- 
dates for  transmission  media  in  short 
length  optical  communications  systems. 
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STRESS  STRAIN  AND  OPTICAL  TRANSMISSION  DATA  ON  PLASTIC  CLAD 
SILICA  FIBER  OPTIC  CABLES  KITH  AND  WITHOUT  CONNECTORS 


C.  C.  Adams 


E.  I.  du  Pont  de  Nemours  fj  Company 
Plastic  Products  and  Resins  Department 
Wilmington,  Delaware  19898 


ABSTR-iiCT 


Plastic  clad  silica  fiber  optic 
cable  of  a single  fiber  reinforced  with 
high  strength  aramid  fibers  has  been  found 
sufficiently  rugged  and  resistant  to  fiber 
break  to  allow  ordinary  handling  practices 
upon  cable  installation.  The  strength  and 
transmission  performance  is  defined  by 
specialized  tests  on  cable  while  under  ten 
Sion  and  during  bending.  A connector 
assembly  of  high  strength  and  low  loss  is 
ident i f ied . 


l.VTRODUCTION 


.An  increasingly  optimistic  future 
is  predicted  for  fiber  optics  in  a host  of 
noteworthy  applications  from  computer  data 
links  to  kilovolt  power  distribution 
systems.  It  is  apparent  that  practical 
transmission  systems  employing  optical 
fiber  cables  can  be  designed,  built  and  in- 
stalled without  developing  long  term  stabil- 
ity problems.  Commercial  use  is  a foregone 
conclusion,  and  there  have  been  a number  of 
developments  that  could  result  in  large 
scale  use.  As  commercialization  becomes 
more  imminent,  many  practical  questions 
arise.  Designers  want  to  know  the  amount 
of  transmission  loss  in  fiber  optic  cable 
under  tension,  the  tolerance  of  core  mate- 
rial to  tension  upon  pulling  long  lengths 
into  and  out  of  ducts,  flexibility  and  re- 
sistance to  crush  of  cable  and  the  sensi- 
tivity of  cable  to  bending,  twisting  and 
flexing  and  other  physical  abuse  aspects  of 
handling.  While  comprehensive  evaluations 
of  the  actual  transmission  properties  of 
cable  have  been  reported  by  Lebduskafl)  and 
Sigel(’),  there  seems  to  be  a dearth  of  in- 
formation on  practical  cable. 

The  practical  aspects  of  handling 
cable  on  installation  or  short  term  basis 
are  presented  on  the  left  side  of  Table  I 
while  the  analogous  cable  property  for 
testing  purposes  is  seen  on  the  right  side. 
In  general  this  paper  is  concerned  with  two 
practical  aspects  of  testing  on  cable  to 


Table  I 

REQUIREMENTS  FOR  PRACTICAL 
FIBER  OPTIC  CABLE 


Installation 

• pull  into  conduit 

• flexibility 

• bend/ twist 

• impact  and  crush 


Short  Term  Tests 

• tensile  strength 

• low  modulus 

• low  bend  radius 

• impact  strength 


determine  the  susceptibility  to  transmis- 
sion loss  and  breakage  of  silica  fiber 
under  harsh  conditions  of  handling.  These 
two  aspects  are  cable  tension  and  cable 
bending.  Cable  bending  was  studied  with 
and  without  tension. 


CABLE  CONSTRUCTION 

The  fiber  optic  cable  understudy, 
PFX-S120R,  as  depicted  in  Figure  1,  is  com- 
posed of  a single  silica  fiber  core,  suit- 
able plastic  cladding,  and  an  interlay  of 
polyester  elastomer  --  Kevlar^  aramid 
fiber  --  polyester  elastomer  which  comprise 
the  cable  jacket.  The  Kevlar®  aramid 
fibers,  hereafter  referred  to  as  aramid 
fibers,  assure  high  strength  at  low  cable 
elongation  and  the  Hytrel®  provides  cable 
bulk,  chemical  resistance,  impact  pro- 
tection, and  support  in  the  multicomponent 
construction . 


RESULTS 

C a ble  Tensile  P ropert ies 


Since  the  elongation  of  silica 
optical  fibers  before  breakage  is  low,  in- 
corporation of  selective  cable  components 
is  necessary  to  protect  the  fiber  during 
installation  and  end  use.  The  configura- 
tion of  cable  components  shown  in  Figure  1 


Figure  I 
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is  designed  to  meet  loading  requirements  of 
90  kg.  (.200  lbs.),  which  is  considered  to 
be  twice  or  more  the  typical  maximum  load- 
ing on  single  fiber  cable  being  pulled  by 
a person. 

The  load-elongation  curve  of  such 
1 meter  length  cable  stretched  at  10  per- 
cent per  minute  is  shown  in  Figure  2. 

Also  presented  are  data  for  the  aramid 
fiber  tested  in  amount  in  the  fiber  optic 
cable.  The  aramid  fibers  are  loaded  and 
brought  to  the  point  of  breakage  at  90  kg. 
and  3.5  percent  elongation.  The  abrupt 
load  reduction  results  in  total  aramid 
fiber  breakage  leaving  the  load  carried  by 
the  intact  silica  fiber  at  3.5  percent 
cable  elongation.  Loading  of  silica  fiber 
continues  until  it  breaks  at  7.3  percent 
elongation  and  20  kg.  The  aramid  fibers 
assure  that  a high  load  is  attained  before 
breakage  of  the  silica  fiber  at  twice  the 
elongation  to  break  of  the  aramid  fibers. 
Since  loads  of  80-90  kg.  arc  unlikely  in 
cable  installation,  the  aramid  fibers  pro- 
tect the  silica  fiber  from  premature 
breakage,  thus  meeting  an  important  instal- 
lation requirement  of  maintaining  trans- 
mission while  pulling  cable  through  con- 
duits and  over  other  load  requiring  condi- 
tions . 

Superposition  of  the  break  points 
of  aramid  fibers  in  Figure  2 enables  under- 
standing of  loading  of  multicomponent 
cable.  Cable  elongation  at  aramid  fiber 
break  exceeds  aramid  fiber  elongation  liy 
l.ti.  At  this  elongation,  the  aramid 
fibers,  which  were  incorporated  into  the 
cable  during  processing,  begin  to  carry 
the  load. 

A compilation  of  several  possible 
physical  measurements  from  Figure  2 is  seen 
in  Table  II  and  a comparison  is  made  with 
published  property  data  of  aramid  fiber  and 
silica. 


YICURE  2 

analysis  Of  LOAD- 


ElONGATION  curve  of  CLADQf  0 
SILICA  FIBER  OPTIC  CABLE 
AND  OF  ARAMID  RF  INFORCING  FIBER 


Two  methods  of  cable  gripping  were 
employed  for  monitoring  of  light  trans- 
mission of  cable  under  tension.  A self- 
tightening grip  which  incorporates  in- 
creasingly sharper  bending  at  90  degrees 
results  in  up  to  two  decibels  light  loss 
during  initial  loading  before  aramid  fiber 
breakage  (Figure  3).  However,  cable 
wrapped  and  clamped  180  degrees  in  a wide 
radius  of  3.75  cm.  with  no  sharp  bending 
as  used  in  tensile  testing,  shows  little 
loss  during  loading. 


FIGURE  3 


LOAD  AND  TRARSMISIOR  LOSS  » CABLE 
ELORGA^ION  FOR  SILICA  FIBER  CABLE 
TRANSMiSSIOR  LOSS  IS  GREATER  FOR  CAB.E 
GRIPPED  BY  90-  SEGDING 
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Cable  Bending  Propert i es 

The  amount  of  light  transmitted  by 
an  optical  fiber  is  exponentially  related 
to  bending:  the  greater  the  bending,  the 
greater  the  loss  until  all  transmission  is 
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TABLI-:  11 

TENSILE  PROPERTIES  OF  FIULR  OPTICS  CABLE,  ARA.MID  FIBERS 
AND  CLAD  SILICA  FIBER 


AraniiU  Fiber Silica 


Property 

Cable 

tested  as 

5400  denicr^^l 

literature 

tested  as 

literature 

clad  silica 

Modulus,  GPa 

59 

82 

130 

85 

73 

Load  to  break,  kg. 

90 

78 

21 

Tensile  strength,  GPa 

2.1 

1.8 

3.6 

4.9 

Elongation  to  break,  \ 

3.5 

2.2 

2.8 

7.4 

XT)  5400  denier  fiber  in  cable 


lost  at  the  fiber  break  point.  Loss  due  to 
bending  may  be  studied  in  any  of  several 
bending  tests  including  cable  wrap  on  vari- 
ous size  mandrels,  cable  loading  while 
bent,  and  bending  of  cable  in  a 180  degree 
or  U configuration.  Results  from  two  of 
these  tests  will  be  discussed  in  detail. 
These  tests  partially  simulate  insertion 
of  cable  through  restricted  openings  and 
pulling  of  cable  around  corners  of  dif- 
ferent radius  of  curvature. 

The  180  Degree  Bend  Radius  Tost 

A schematic  representation  of 
cable  bending  is  shown  in  figure  4.  In- 
itially cable  bent  to  1.25  cm.  bend  radius, 
R,  is  inserted  between  the  platens  of  an 

MGURr  4 

Rf PRESENTAflON  OF  BEND  RADIUS  TEST  OF 
FIRFR  OPTICS  CABLE  COMPRESSION 
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Instron  machine.  Platon  movement  or  clo- 
sure of  1,25  cm.  per  minute  is  maintninccl 


while  load  and  light  transmission  is  moni- 
tor^'d.  Increasing  loss  occurs  simulta- 
neously with  increasing  load  (Figure  S). 

FlCURl  S 

tK.MT  LOSS  ASt)  FirXI'RAl  STBFSS  VS. 
flSFR  .’PTIC  CAPLF  FROM  IflO* 

BISO  RAnU'S  TFST 


3 20  40  60  SO  >0 

SFNO  SAD'US.  mm 

So  significant  loss  occurs  until  the  cable 
is  bent  to  about  5.0  mm.  radius  --  about 
twenty-five  silica  filler  diameters  or  2.0 
cable  diameters  separation  between  fibers. 
Loss  then  increases  exponentially  to  sil- 
ica fiber  break.  Silica  fiber  breakage 
due  to  bonding  occurs  when  the  polyester 
copolymer  jacket  of  2.4  mm  diameter  is 
folded  just  short  of  contact  and  a silica- 
to-silica  separation  of  twice  the  bend 
radius  (1.('2  mm)  or  .5.25  mm  is  reached 
(Tiguro  (1 ) . Ibis  separation  between  cable 
surfaces  is  0 . .s  cable  diameters  and  indi- 
cates superior  break  resistance  to  high 
curvature  of  silica.  Ihe  absence  of  fiber 
breakage  at  high  curvature  is  attributed 
to  a technique  of  fiber  preparation  which 
leaves  a clean  fiber  surface  free  from 
cracks,  voids  and  flaws. 
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FIGURE  6 

TO  SCALE  REPRESENTATION  OF  CONFIGURATION  OF 
CABLE,  CLADDING  AND  SILICA  AT  SILICA  BREAK  ON 
180’  BEND  RADIUS  TEST 

R ■ I 62  mm 
AT  SILICA  BREAK 


Z 4 mm  CABLE 


A formula  for  calculating  flexual 
stress,  Of,  of  bent  fiber  from  fiber  di- 
ameter, D,  and  bend  radius,  R,  is  given 
from  structural  mechanics  (•'’)  as 


where  K is  the  modulus  of  glass  fiber, 

73.1  GPa . Insertion  of  bend  radius  at 
break  given  above  of  1.62  mm.  gives  a fle.x- 
ual  stress  at  break  of  4.5  Gl’a . , a value 
close  to  the  tensile  strength  at  break  of 
silica  fiber  of  4.9  Gl’a.  given  in  Table  II. 
Upon  stretching  by  bending,  silica  fiber 
breaks  at  the  outside  curvature  of  the  bend 
at  a stress  comparable  to  fiber  tensile 
strength.  The  bend  radius  study  verifies 
that  silica  fiber  possesses  a tough  surface 
essentially  free  from  cracks  and  voids. 

The  above  analysis  enables  a proce- 
dure for  establishment  of  a recommended 
short  term  minimum  bend  radius,  Rpiin,  for 
cable.  I'le.xural  stress  from  equation  (1)  is 
plotted  in  Figure  5 versus  lend  radius,  R. 
As  an  illustration,  assume  that  50  percent 
of  the  breaking  stress  is  allowed  in  cable 
use.  short  term.  A minimum  bend  radius  of 
.5.2  mm.  is  dictated  by  the  calculation  '^or 
2.41  ram.  diameter  cable. 

The  decibels  loss,  dB,  of  light  in- 
tensity, I,  transmitted  through  curved 
fiber  has  been  shown  to  conform  approxi 
mately  to  the  re  la  t i onsh  i p ' * 

dB  = C,  c''^2l* 

where  dB  ■=  1 0 x log]()  *-2. 


Cj  and  C.-,  are  constants  (to  be  determined 
for  a given  cable  type) 

R = bend  radius. 

•Appropriate  curve  fitting  of  ex- 
perimental data  show  that  assessment  of 
cable  quality  is  indicated  by  the  magni- 
tude of  G]  and  C^.  These  values  are 
approximately  18‘and  -15,  respectively  for 
plastic  clad  silica  fiber  cable.  For  low 
loss  plastic  fiber  cable,  Cj  is  lower  and 
Gt  is  higher. 

Mandrel  Bend  Test  Kith  Load 

Installation  of  fiber  optic  cable 
of  necessity  involves  movement  of  cable 
around  corners  and  bulkheads  of  various 
curvature.  Because  cable  movement  involves 
feeding  and  pulling,  there  are  a variety 
of  load  bearing  configurations  encountered. 
Test  results  from  a simulation  of  the 
loading  of  cable  around  corners  are  dis- 
cussed below.  The  mandrel  bend  test  in- 
corporated a 90  degree  bend  of  cable 
around  mandrels  of  diameter  4.2,  5.3,  7.3, 
13.4  and  25.8  mm  in  a manner  shown  in 
Figure  7.  Results  are  shown  in  Figure  8. 

FICL'RE  7 

RFPRFSESTAT lOS  OF  90* 

BFND  WITH  l.OAD.  CABLE 
ELONGATION  CONTINUES  UNTIL 
SILICA  BREAKS. 


I LOAD 


•Aramid  fiber  elongation  to  break  averages 
3.2  percent  for  all  mandrel  diameters. 
Flongation  to  break  of  silica  ranges  from 
O."  to  3.2  percent  for  mandrel  diameters 
up  to  4.6  mm.  and  higher  elongations  for 
larger  mandrel  diameters.  Provided  5.0  mm. 
diameter  or  greater  is  maintained  at  a 90 
degree  bend  configuration,  cable  may  be 
loaded  over  short  term,  as  on  installation, 
to  60  kg.  before  the  silica  fiber  is  no 
longer  protected.  These  results  illustrate 
a practically  unrestricted  silica  fiber 
and  cable  bend  radius  range  without  fiber 
breakage  and  a high  elongation  capability 
of  clad  silica  fiber  when  reinforced  with 
a ram  id  fiber  in  a multicomponent  cable 
construe  t i on . 
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Zero  bend  radius  data  points  in 
Figure  8 are  established  by  loading  of 
cable  over  a square  cross-sectioned  steel 
bar  incorporating  a 90  degree  bend  radius. 
The  continuity  between  data  points  is 
gratifying.  The  identical  test,  run  in  a 
60  degree  bend  configuration,  results  in 
protection  by  aramid  fibers  above  1.52  mm. 
diameter . 

Connected  Cable  Strength  Tests 


Use  of  fiber  optic  cable  requires 
an  understanding  of  connector  technology 
and  establishment  of  appropriate  tests  to 
verify  a suitable  connector  system.  The 
AMP  connector  employed  in  this  study  is  a 
polypropylene  ferrule  which  is  suitable  for 
fine  grain  polishing  and  adapted  for  adhe- 
sion to  cable  by  resin  potting  material. 
With  careful  preparation,  1-5  decibels 
light  loss  are  obtained  per  connector.  A 
strong  bonding  adhesive  of  ferrule  to 
cable  is  possible  using  a cyanoacrylate 
high  strength  material  known  commercially 
as  "Loctite  .114".*  Cable  components  bonded 
to  adhesive  are  the  polyester  elastomer 
jacket  and  the  aramid  fibers  which  support 
much  of  the  load.  Connector  strengths  were 
measured  by  mounting  two  such  connectors  in 
a connected  configuration  midway  between 
Instron  jaws  which  gripped  the  fiber  optic 
cable.  Values  obtained  were  30  kg.  or  35t 
of  cable  strength.  .Slightly  higher  values 
of  37  kg.  were  obtained  by  gripping 
directly  one  connector.  That  this  type  ad- 
hesive provides  strong  bonds  was  evident 
by  failure  principally  by  the  ferrule  in 
cross  section  and  less  often  by  pullout  of 
the  cable  from  connector. 

Under  normal  installation  condi- 
tions, cable  connectors  are  connected  after 
the  rigors  of  cable  movement  and  loading 
are  completed.  Loading  requirements  on 
connected  cable  not  being  great  under  sucb 


circumstances,  a break  load  of  31)  kg.  is 
considered  high.  A connector  system  of 
suitable  strength  is  identified,  and 
others  are  currently  being  evaluated. 


■SUMMARY 

Fiber  optic  cables  containing  a 
high  strength  and  high  modulus  aramid 
fiber  have  been  developed  which  over  short 
term  arc  rugged,  resistant  to  fiber  break 
upon  bending  and  withstand  large  loads 
while  bent.  Such  requirements  arc  neces- 
sary to  employ  ordinary  handling  practices 
upon  installation  around  corners  and 
through  conduits. 

Firstly,  the  loads  necessary  to 
break  the  high  modulus  reinforcing  fiber 
in  fiber  optic  cable  arc  found  from  this 
study  to  be  far  greater  than  that  required 
to  pull  cable  through  straight  line  con- 
duit. As  an  e.xamplc,  in  tension  fiber 
optic  cable  c.xhibits  excellent  transmis- 
sion properties.  The  presence  of  a high 
strength  aramid  fiber,  which  breaks  at 
over  80  kg.  at  3.5  percent  elongation, 
assures  protection  against  silica  fiber 
breakage  which  occurs  at  over  7 percent 
cable  elongation  and  a load  of  20  kg. 

The  analysis  illustrates  how  adv-antage  is 
taken  of  high  elongation  to  break  of  sil- 
ica and  the  high  modulus  and  low  elonga- 
tion to  break  of  the  aramid  fiber.  A safe 
cable  load  on  installation  of  straight 
line  pull  of  PFX-.S120R  fiber  optic  cable 
is  established. 

■Secondly,  cable  transmission  while 
bent  and  under  no  load  is  also  excellent. 
Cable  transmission  is  maintained  while  in 
a U shape  or  180  degree  bent  configuration 
until  fiber  breakage  at  0.3  cable  diam- 
eters separation  between  cable  surfaces  or 

3.0  mm.  This  bond  radius  is  unlikely  to 
be  reached  in  end  use.  Loss  previous  to 
breakage  is  between  two  and  three  decibels. 
No  compression  of  jacketing  occurs  at 
breakage.  Unjackoted  clad  silica  breaks 

at  an  identical  bend  radius. 

Finally,  high  light  transmission 
and  silica  fiber  integrity  are  maintained 
for  cable  when  loaded  while  in  a 90  degree 
bent  configuration  over  various  site  man- 
drels. No  premature  silica  breakage  with 
loading  occurs  for  mandrel  diameters  above 

5.0  mm.  Loads  of  60  kg.  and  above  are 
susta i ned . 

The  above  results  illustrate  how 
proper  consideration  of  cable  construction 
leads  to  "ior  transmission  character- 
istics of  .her  optic  cable. 
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DESIGN  CONSIDERATIONS  FOR  SINGLE  FIBER  CONNECTORS 


William  L.  Schumacher 


AMP  Incorporated 


ABSTR.ACT 

Small  single  optical  fibers  are  difficult  to 
handle,  and  introduce  Junction  losses  due  to  their  own 
characteristics.  Compounding  these  losses  by  the  ad- 
dition of  connector  losses  is  undesirable.  Central 
fiber  axis  to  fiber  axis  aligmnent  through  elimination 
of  connector  tolerance  build  up  and  fiber  protection  and 
maintainabilih’  features  are  desired.  Aich  a connector 
design  is  compared  w ith  other  designs. 


INTRODCCTION 

Fiber  co'.uiector  design  faults  usually  fall  into 
two  major  categories.  The  first  is  excess  alignment 
tolerance  or  hi^  control  cost  required  to  control  the 
precise  aligmnent.  The  second  is  a high  probability 
of  fiber  damage  or  interface  damage  and  contamination. 
This  paper  discusses  various  connector  designs  to  il- 
lustrate the  problems  involved  in  obUiining  minimal 
connector  insertion  losses.  A design  solution  to  eli- 
minate connector  tolerance  build  up  and  protect  the 
fiber  is  included.  This  design  has  a single  fiber  align- 
ment feature  that  accepts  the  normal  fiber  size  varia- 
tions while  holding  losses  to  the  minimum  by  aligning 
the  central  axis  of  one  fiber  to  tlie  central  .axis  of  the 
second  fiber. 

PERMANENT  SPLICES 

Probably  the  single  item  that  has  received  the 
most  thought  and  attention  in  optical  connectors  and 
splices  is  fiber-to-fiber  alignment.  What  is  the  best 
way  to  aim  one  fiber  at  the  other  in  order  to  provide 
maximum  transfer  of  light?  Probing  this  area  has 
created  many  different  approaches.  I'nfortunately, 
what  appears  to  be  an  excellent  solution  causes  undesir- 
able side  effects. 

Hot  Splices 

Direct,  permanent  splicing  of  fibers  (no  future 
disconnection)  has  probably  reached  the  highest  degree 
of  perfection  and  success.  Optical  fibers  have  been 
successfully  spliced  by  all^i^g  silica  fibers  and  then 
fusing  in  an  electrical  arc.  ’ A plasma  and  an 
oxhydrlc  torch'^  have  also  been  used  for  splicing  fibers 
by  using  the  heat  fusing  technique.  The  fusing  of  the 
same  materials  eliminates  the  interface  losses  due  to 


the  light  having  to  travel  through  another  material  w ith 
a different  index  of  refraction.  Without  refraction  in- 
dex changes  and  with  good  mechanical  alignment  prior 
to  fusing,  low  losses  can  be  obtained.  The  hot  splice 
method  can  be  used  in  fiber  manufacturing  to  Increase 
total  fiber  lengths. 

Bonding  Agents 

Rather  tiian  fusing  the  fibers  together,  an  in- 
•dex  matching  material  that  also  acts  as  a permanent 
bonding  agent  is  ;mother  method  used.  There  are  quite 
a few  splices  using  a bonding  agent.  The  difference  be- 
tween these  various  styles  is  in  the  mechanical  means 
of  aligning  the  fibers  during  the  setting  up  cycle  of  the 
bonding  agent. 

Aligning  Rods 

An  alignment  method  such  as  three  rods  with 
diameters  chosen  to  provide  just  the  right  size  in  order 
to  .accept  the  fiber ^tythe  small  hole  in  their  center  has 
several  variations  ’ -Some  rods  are  chosen  to  have  a 
slip  fit  for  the  largest  fiber.  Others  have  a tight  fit  on 
the  fiber  such  as  would  be  applied  to  the  rods  by  a heat 
shrink.able  tube  or  an  elastomeric  tube.  By  using  plas- 
tic rods  or  plastic  coated  rods,  a very  tight  fit  rod  style 
gives  slight  deformation  of  the  three  rods  and  thus  helps 
to  center  fibers  of  different  diameters  (as  is  found  in 
normal  production).  The  bonding  agent  provides  an  in- 
dex match  for  this  permanent  splice. 

Aligning  'Tubes 

Ixxjse  and  tight  fitting  tubes  have  also  been 
used  with  an  index  match  material  to  provide  good 
splices.  Tight  tubeij'’  can  be  straight  or  capillary. 

They  can  be  formed  from  a large  metal  tube  to  have  a 
small  coi^rolled  size  center  section.  One  loose  tube 
technique"  snugs  the  fibers  up  in  a comer  as  shown  in 
Figure  1. 
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Open  Grooves 

In  a similar  fashion  to  the  corner  of  a loose 
tube,  an  open  air  "V"  groove  can  be  used  to  align  the 
fibers.  Either  the  fiber  is  bent  slightly  and  holds  Itself 
into  bonding  position,  or  it  is  pressed  down  into  the 
groove  by  a hard  or  possibly  soft  cover,  llie  groove 
can  be  "V"  shaped  at  various  aisles,  be  made  by  press- 
ing a fiberjjjito  a soft  substitute  , or  be  flat  bottommed 
"V"  shape  . When  dealing  w ith  fibers  from  different 
production  runs  (as  opposed  to  splicing  a broken  fiber) 
and  thus  different  fiber  diameters,  the"V"  angle  can  In- 
troduce fiber  alignment  variations.  When  aligning  dif- 
ferent fiber  sizes,  the  absurd,  yet  best,  "V”  angle  is 
180°  or  a flat  plate.  At  the  other  e.\treme,  a small 
angle,  or  deep  "V”',  would  catch  the  large  fiber  at  the 
top  and  let  the  small  fiber  drop  down  out  of  sigiit.  The 
angie  chosen  then  becomes  a matter  of  tradeoff  as  to 
results,  methods  and  construction. 


Figure  2.  Tube  Alignment  Style  Connector 

the  Jack  fiber.  The  aligimient  here  is  on  the  fiber  vs. 
through  the  cumulative  connector  tolerances.  Only 
the  connector  half  to  poimector  half  alignment  mi^t 
cock  the  various  diameter  fibers  slig^itly. 


In  general,  permanent  fiber  optic  splices  have 
seen  quite  a bit  of  design  effort  and  new  excellent  re- 
sults are  still  being  reported.  The  fixed  splice  has 
many  advantages  over  a connector  that  must  be  discon- 
nectable.  It  permits  easy  use  of  index  matching  mate- 
rials with  their  multiple  benefits.  This  material  and 
other  splice  elements  are  not  subject  to  later  exposure 
and  contamination.  Being  fixed,  subsequent  position, 
etc.  variations  are  eliminated  providing  unchangeable 
low  losses.  The  spliced  fiber  is  buried  and  safe  from 
harm  botli  at  the  interface  and  along  its  length.  These 
are  all  desirable  benefits  and  w ould  enhance  tlie  con- 
nector design  if  possible  to  achieve. 

CONNECTOR  CONSmERATIONS 

Almost  all  of  the  successful  fixed  splice 
methods  have  an  overlapping  member.  This  overl.apping 
member  contacts  both  fibers  along  at  least  one  straight 
surface.  This  becomes  more  difficult  wltli  a fiber  end 
in  each  connector  half.  How  do  you  align  it,  protect  it, 
keep  it  clean  and  do  all  the  necessary  good  things  when 
you  are  operating  with  bvo  vs.  one  piece?  As  witli 
splices,  many  many  ways  have  been  created. 


Straight  Sleeve  .Alignment  Connector 

Some  comiector  designs  encase  the  single  fiber 
in  each  connector  half  to  fully  protect  it.  The  sleeve 
in  which  tins  is  accomplished  must  have  its  central 
hole  located  very  accurately  in  the  center.  The 
machinbig  of  metal  connectors,  such  as  SMA  type, 
for  single  fibers  now  becomes  a more  taxing  manu- 
facturing problem  to  hold  diameters  and  their  con- 
centricity. Tlie  fiber  diameter  variation  requires 
slight  clearance  for  tlie  passage  of  the  largest  fiber. 
Rota|;^on  of  a concentric  sleeve  connector  of  this 
type  “ showed  a tolerance  build  up  from  one  side  of 
the  comiector  to  the  other  tliat  resulted  in  high  and 
low  insertion  loss  readings  about  1. 5 db  apart. 

Instead  of  trying  to  make  the  straight  sleeves 
as  concentric  as  possible,  the  opposite  approai^has 
also  been  taken.  A double  eccentric  connector  has 
been  designed  w 1th  everything  off  center  on  purpose. 
The  fiber  is  fixed  in  the  center  member  and  then  the 
eccentrics  are  adjusted  to  move  tlie  fiber  into  the 
connector  true  center. 


Tube  Connector 

Just  as  in  a splice,  a tube  can  be  utilized  to 
align  the  fibers.  Here  an  additional  consideration  must 
take  place.  The  fiber  ends  must  be  positioned  with 
reference  to  a positive  stop  so  that  they  alway  s come 
into  close  ^ntrolled  proximity.  Figure  2 show  s such  a 
connector  in  two  stages  of  engagement.  Not  indicated 
is  the  threaded  coupling  nut  nor  the  Index  matching  fluid 
that  fills  the  alignment  hole  in  the  plug.  The  outside  of 
the  plug  entering  the  jack  provides  the  initial  alignment. 

The  small  alignment  hole  Is  made  slijditly 
larger  than  the  largest  fiber  and  has  a tapered  entry  . 

The  tipered  entry  provides  the  final  guidance  of  tlie 
hooded  loose  jack  filx?r  into  alignment  in  the  plug.  The 
plug  is  formed  vs.  machined, and  has  room  for  tlie 
matching  fluid  to  escape  past  the  pushing  piston  action  of 


Taper  Sleeve  Aligiunent 

By  using  a tapered  tip  on  the  fiber  containing 
sleeve,  fit  tolerances  can  be  removed.  The  Uipered 
sleeve  is  pressed  into  a polishing  tool  tliat  sets  up  Uie 
fiber  separation  dimension.  Providing  tlie  fiber  is 
located  in  tlie  true  center  of  the  tapered  sleeve  and 
providing  there  is  good  concentricity  througiiout  tlie 
center  bicoiilcal  alignment  tube,  tlicrc  will  be  no  in- 
sertion loss  variation  when  Oic  parts  are  rxitated. 


AnoUicr  tlicme  of  tlie  taixTcd  sleeve  connecto^'^ 
is  to  use  tlirec  rods  as  an  integral  part  of  tlie  sleeve  . 
These  rods  then  compress  down  on  Uic  single  fiber  as 
they  enter  tlie  biconical  alignment  tube.  If  material 
density,  rod  diameters,  etc.  are  controlled,  the  cen- 
tering of  the  fiber  will  take  place. 
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Grooved  Connectors 

^ integrating  a row  of  rods  into  one  unit,  one 
connector  has  provided  multiple  grooves.  These  "V" 
grooves  are  used  to  lay  the  fibers  into  and  provide  align- 
ment. The  mating  connector  half  acts  as  the  lid.  This 
is  an  overlapping  type  connector. 


Figure  3.  Overlapping  "V"  Groove  Coiuiectors. 

On  one  side  of  the  connector  half,  the  fiber  is 
contained  in  the  "V"  groove.  On  the  other  side,  die 
mating  fiber  rides  on  top  of  the  curved  surface  of  the 
lid  until  it  is  mated  with  the  overlapping  base.  A feature 
of  this  connector  is  its  fiber  accumulation  region.  Here 
the  fiber  bends  to  absorb  sli^t  length  variation  resul- 
ting from  the  butting  of  the  two  fibers  in  the  overlap 
region.  This  always  assures  the  smallest  possible 
fiber  separation.  Because  of  minimal  forces,  the  fiber 
ends  are  not  damaged.  The  mating  action  of  the  con- 
nector is  to  close  the  two  halves  lld-to-base  and  then 
slide  the  halves  together  along  the  fiber  axis,  butting 
and  accimiulaUng  excess  fiber  length. 

Optical  Self  Centering  Overlap  Style  ^nnector 

A recently  tooled  connector  has  incorporated 
a device  into  it  that  aligns  the  central  axis  of  the  fiber 
vs.  an  edge.  It  does  this  while  protecting  the  fiber  in  a 
groove.  The  basic  principle  of  this  connector  can  easily 
be  utilized  in  single  or  multiple  fiber  connectors,  housed 
in  plastic  or  metal  and  scaled  up  or  down  to  accom- 
modate other  fiber  basic  sizes.  The  many  different 
operating  conditions  and  requirements  w ill  dictate  dif- 
ferently constructed  connectors.  All  plastic,  plastic- 
clad  silica,  and  all  glass  fiber  each  have  their  own 
areas  of  use,  cable  construction  and  handling  tcchnlquea 
Although  the  connector  design  being  shown  here  was  de- 
signed for  commercial  use,  the  basic  fiber  alignment 
technique  can  be  converted  to  many  uses. 

Resilient  Heart 

T\vo  identical  resilient  members  constitute  the 
basis  for  this  connector.  The  fibers  in  each  coiuiector 
half  are  positioned  Just  short  of  the  connector  center- 
line.  This  positioning  is  accomplished  byjfJ-xturlng  in  a 
scribe -and -break  tool,  or  a polishing  tool  . In  this 


Figure  -1.  Fiber  tolerances  are  absorbed  by  the  two 
mirror-image  elastomeric  support  members  whieh 
conform,  under  pressure,  to  the  diameter  of  each 
fiber. 


overlap  section,  both  fibers  are  resting  in  a protec- 
tive groove  in  their  respective  connector  half.  (See 
Figure  4a. ) These  are  further  protected  by  (he  hood 
effect  of  the  housing. 

The  mating  mechanism  keeps  the  fibers 
separated  as  they  approach  each  other  to  prevent 
stubbing  the  fibers  and  eliminate  the  shovel  effect  of 
accumulating  any  foreign  matter  along  the  way.  Once 
the  connector  halves  position  the  fibers  longitudinally 
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the  mating  action  moves  them  perpendicular  to  tlie 
fiber  axis  to  complete  the  closure. 

During  the  closure  action  any  connector  toler- 
ance buUd  up  results  in  an  mcrease  or  decrease  of 
the  force  being  applied  to  the  resilient  Insert.  The 
compliancy  of  this  resilient  insert  absorbs  the  toler- 
ance variations.  More  unportantly,  it  absorbs  fiber- 
diameter  variations  while  aligning  the  centers  of  the 
fiber  (see  Figure  4b,  4c).  When  the  inserts  reach 
equilibrium,  they  are  overlappmg  and  cover  the  fibers 
from  both  connector  halves.  Thus,  in  addition  to  alig- 
ning the  fiber  centerlines,  the  insert  also  encloses  and 
protects  the  fibers  from  atmospheric  contamination. 

Repeatability  of  Multiple  Engagements 

A wealth  of  test  effort  ;md  information  is  avail- 
able on  the  initial  fiber  used  (PFX-P,400  pm  O.  D. ) 
in  a connector  of  this  type.  When  a fiber  is  cut,  and 
a connector  (without  any  index  matching  material)  is 
inserted  into  the  line  joining  this  fiber  to  itself,  loss 
Indications  are  less  than  1 db.  Upon  repeated  engage- 
ment imd  disengagement,  tho  insertion  loss  reading 
holds  very  steady.  A maximum  standard  deviation  of 
0. 02  db  is  typical  before  and  after  repeated  engage- 
ments. An  excursion  from  the  original  reading  as  low 
as  0.05  db  has  indicated  some  type  of  contamination. 

Joinmg  fibers  of  the  same  size  is  not  what  is 
normally  encountered  in  every  day  use.  The  plastic 
fiber  diameter  miige  is  reported  to  be  from  380  /urn 
(.0150")  to  420  II  m (.  0105").  Mating  any  fiber  size 
to  any  other  fiber  size  m this  range  should  result  m 
an  insertion  loss  of  under  2 dl).  "nils  includes  the  light 
escaping  when  joinmg  a large  to  a small  liber  plus 
other  normal  losses  encountered  in  a dry  (no  matching 
index-material)  connection.  Engaging  many  other  com 
nector  halves  containing  various  fiber  diameters  to 
one  specific  connector  has  resulted  in  repeatable  read- 
ings with  only  0.07  db  ma,ximum  standard  deviation. 
Tests  have  been  conducted  jouilng  fibers  ranging  in 
diameter  from  330  u m (.  0120")  to  445  p m (.0175"). 

No  insertion  loss  has  been  over  3 db  when  joining  such 
a wide  range  of  fiber  diameters. 


Fiber  Construction  Design  Demands 

The  end  finishing  of  the  liber  varies  from  one 
type  to  another  and  within  the  same  types.  The  all- 
plastic fiber  can  be  just  cut,  or  cut  and  treated  or 
polished.  The  author  has  found  that  for  the  plastic 
fiber,  tlie  polish  technique  gives  reliable  consistent 
results.  The  fiber  is  confined,  trimmed  and  polished 
witli  000  grit,  then  3.0  pm,  aixl  finished  witli  0.3  pm 
silicone  carbide  paper.  It  is  a relatively  easy  task, 
takmg  a total  of  under  five  minutes  to  terminate  a 
ilual  channel  cable.  Just  a plain  razor  cut  will  give 
decent  results  but  the  polish  finish  is  preferred  for 
tlie  more  sophisticated  apiilications. 

Tlie  all-glass  fiber  is  very  easy  to  scribe  and 
break.  (Jood  clean  square  breaks  may  be  consistent- 
ly accomplished  along  with  the  accurate  location  of 
the  point  of  break.  A tool  has  been  built  and  used  for 
prototype  and  test  use,  that  breaks  the  fiber  at  a 
specific  location  from  a datum  surface  on  the  connec- 
tor. Location  control  is  about  . 0005".  While  polish 
of  small  glass  fibers  is  possible,  the  scribe  and 
break  technique  is  the  least  tedious. 

Plastic-clad  silica  conies  in  many  forms. 

■Some  have  fairly  hard  cladding  that  can  be  at  least 
gently  held.  Other  clads  are  soft  and  easily  destroyed 
in  handling.  Problems  show  up  in  gripping,  Ixinding, 
polishing,  scribing  and  breaking,  and  aligning  that 
arc  different  to  some  degree  for  each  manufacturer's 
product.  For  a scribe  and  break  of  plastic-clad  sili- 
ca, the  flaw  is  put  into  tlie  core  vs.  tlie  cladding  in  an 
all  glass  fiber.  Polish  grit  creeps  between  core  and 
cladding.  How  do  you  hold  a fiber  where  the  core 
slides  in  and  out  of  tlie  claddbig?  But,  the  big  core 
is  favored  and  it  w ill  be  used. 

CONCLUSIONS 

Various  designs  and  methods  of  alignuig  single 
optical  fibers  have  been  discussed.  The  many  vari- 
ations themselves  indicate  the  ardent  search  for  a 
better  or  Improved  method.  Tlie  optical  self-center- 
ing overlap  style  connector  technique  of  fiber  align- 
ment has  been  presented  in  this  paper.  It  has  shown 
promise  of  consistently  low  insertion  loss  values. 
Testing  of  different  size  and  type  fibers  in  this  align- 
ment feature  are  continuing.  Other  connector  con- 
figurations utilizing  this  alignment  method  are  being 
designed  and  considered  for  additional  field  require- 
ments. 


Figure  5.  Duplex  Optical  Self  Centering  Overlap 
Style  Connector. 
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INFU'EMCE  OP  JACKETIMC  OM  THF  TPAVSP 1555 ION  LOSS  OP  LOW-LOSS  OPTICAL  PIBEHS 


B.  Hillerich,  P.  RautenberOt  D.S.  Panwir,  P.  Schlanr 

AEG-TELEPraXS;:  KA"PLWFRKE  AC  *1330  Paihain,  W.  Cepaiany 


Suirmary 


The  attenuation  increase  of  tirht  jacketed 
optical  fibers  due  to  eccentricity  and 
diareter  fluctuations  of  the  jacket  are 
estimated.  Loss  increase  is  further  caused 
by  bubbles  between  the  fiber  and  the 
jacket,  "olerances  due  to  these  inhnro- 
fenities  are  specified  so  that  onlv  srall 
loss  increase  occurs.  Possibilities  are 
mentioned  to  control  the  eccentricity,  the 
diameter's  constancy  and  the  formation 
of  bubbles. 


1.  Introduction 

Before  cablinr  ontical  fibers  are 
menerally  provided  with  a elastic  jacke*- 
either  in  form  of  a hollow  tube  or  a 
tirhtly  extruded  layer  of  0.  1 ...  mm 
thickness.  It  depends  more  or  less  on  the 
cable  construction  which  of  the  two  types 
of  jacket  is  to  be  selected.  We  prefer  the 
tirht  jacket  and  hence  our  investirations 
were  conducted  basinr  on  this  type  and 
are  discussed  hereby. 

It  is  known  that  tirht  jacketinr  of 
ortical  fibers  may  cause  an  attenuation 
increase.  Poe  the  cable  manufacturer  it 
is  not  a question  to  avoid  these  additional 
losse.s  at  all,  but  somehow  to  f i ed  out  an 
ecconomical  optimized  technique  to 
achieve  a permissible  attenuation  increase. 
Therefore  it  is  necessary 

a)  to  know  the  reason  for 
attenuation  increase 

b)  to  quantify  the  correlation 
attenuation  increase/causi nr 
oarameters 


e)  to  set  the  limits 
d)  to  control  the  limits  with  the 
heir  of  special  devices  and 
processes 

2,  System  anslysis 

'■leroberdinrs  caused  due  to  inhemorerities 
in  the  jacket,  ar®  considered  as  the  only 
relevant  reason  for  attenuation-increase. 
The  followinr  inhomorenlties  are  taken 
into  account: 


a)  Piameter  fluctuation  of  the  jacket 

b)  Void  formation  on  the  fiber  surface 
e)  Contamination  like  burnt  narticles 

in  the  melt 

The  inhor.orenities  mentioned  under  item  3 
are  rare  and  do  not  cause  any  remarkable 
loss  increase. 

3-  "•’-eoretica I and  ernirical  relations 
Diameter  Fluctuatior 

As  already  reported  /!/  diareter  fluctua- 
tions alone  do  not  cause  hirh  attenuation 
increase  hut  these  in  addition  to 
eccentricity  of  the  fihe-  in  the  jacket 
lead  to  additional  loss.  The  reasons  for 
this  effect  are  desc-ibed  ir  the 
followir.m. 

”tprmoplastics  used  for  the  jacketinr  of 
ontical  fibers  shrink  durinr  coolinp  from 
the  processinr  temperature  to  room 
tempe-ature.  For  "yloi — 12,  for  example, 
the  shrinkapp  value  lies  betweep  c.5» 
and  1.6t.  the  shrinkare  value  depends  upon 
the  cool i nr  process  after  the  extrusion. 
After  reheatinr  at  a later  stare,  for 
instance  durinr  the  jacketinr  process  of 


the  cable  itself,  the  amount  of  shrinkage 
may  change  due  to  recrystallization. 


t * relative  shrinkage  of  the  Jacket 


If  dui'ing  Jacketing,  the  optical  fiber  is 
not  exactly  centred  within  the  Jacket,  the 
neutral  axis  defined  by  theory  of 
elasticity  is  not  congruent  with  the  center 
of  the  cross-section  of  the  Jacket, 
because  of  the  much  higher  Hook's  modulus 
of  silica  compared  to  the  Jacketing 
material.  But  it  lies  between  the  axis  of 
the  Jacket  and  the  axis  of  the  fiber, 
which  do  not  coincide  in  case  of  an 
eccentric  extruded  Jacket  (Fig.  1). 


center 
of  jacket 


Fig.  1:  Cross-section  of  eccentric 
Jacketed  fiber 


The  stresses  induced  by  the  shrinkage  cause 
forces  which  are  compensated  by  elastical 
forces  of  fiber  and  Jacket.  This  leads  to 
bending  of  the  fiber.  The  resulting 
bending  radius  P is  calculated  as: 

(1)  !: i— i- i-l- i-±  ♦ 

DeCfEjCl-Aj+HjAj 


(E^-E2)R^^+EjPj‘‘/Pj^ 

Ae  1[e^(1-A)*E^a] 


Where 

B = P^^CE^-Ej)/  [EjPj^Rj^CEi-Ej)] 


e = eccentricity  of  the  fiber 


center 
of  fiber 


-e  — 


I 

neutral  axis 


E.and  E,  * Hook's  moduli  of  the  fiber 
and  Jacket  respectively 

P-and  R,  » Radii  of  the  fiber  and 
Jacket  respectively 


It  follows  that  the  curvature  C,  the 
reciprocal  of  the  bending  radius,  is 
proportional  to  the  shrinkage  t of 
Jacketing  material  and  nearly  Inversely 
proportional  to  the  eccentricity  e of 
the  fiber  within  the  Jacket. 

If  Hylon  12  is  taken  as  Jacketing  material 
the  curvature  can  be  calculated  as  a 
function  of  the  Jacket  radius  Pj  and  the 
eccentricity  e as  shown  In  Fig.  2. 


C «1.5% 


Fig.  2:  Curvature  of  eccentric  Jacketed 
fiber  as  function  of  Jacket 
radius 


In  case  of  a larger  eccentricity  a change 
in  Jacket  radius  leads  to  a greater 
change  in  curvature  as  by  lower 
eccentricity. 

Thus  fluctuations  in  the  Jacket  diameter 
in  case  of  any  eccentricity  cause 
fluctuations  in  curvature,  i.e.  micro- 
bendi  nrs. 

As  shown  by  several  authors  microbendings 
induce  mode-coupling  and  can  lead  to 
attenuation  increase.  To  anproximate  this 
attenuation  increase  oc  , in  case  of 
multimode  fibers  with  parabolic  index 
profile  a formula  given  by  Marcuse  121 
can  be  used: 


368 


r 


(2) 

a 

- 1-“^  • « .*  Xc 

A A‘ 

with 

a: 

core  radius  of  the  fiber 

''c  = 

variance  of  curvature 

-h-. 

mean  period  lenpth  of 
diameter  fluctuation 

A : 

relative  refractive  index 
di  fference 

The  variance  of  curvature  Kc  can  he 
calculated  with  the  help  of  equation  (1) 
with  p:iven  eccentricity  and  dianeter 
fluctuationa.  ;'ome  reaults  are  plotted 
in  Fip.  3-  It  can  be  seen  that  an 
eccentricity  of  0.1  mm  leads  to  lOCtires 
( hipher  variance  of  curvature  than  on 

I eccentricity  of  O.Oi  mm. 


Pip.  3:  Variance  of  curvature  as  function 
of  jacket  diameter  fluctuations 


Beside  other  r^sasons  the  parameter  A 
depends  upon  line  speed  and  screv;  sp«-ed. 

With  the  used  machinery  A amounts  to 
l...in  cm.  If  the  melt  stream  cominp  out 
of  the  die  head  is  turbulent,  Jacket 
diameter  fluctuations  of  a period-lenpth 
in  mm-ranpe  sometimes  occur.  This  usually 
causes  very  hiph  attenuation  increase. 

I If  an  attenuation  increase  of  1 dB/km  due 

to  jacketinp  is  accepted,  with  help  of  this 
theory  upper  limits  concerninp  eccen- 
tricity and  jacket  diameter  fluctuationa 
are  stated  as  shown  in  Pip.  **  • 


Pip.  *i:  Jacket  diameter  fluctuation  vs. 
eccentricity  for  1 dB/kr 
additional  less 


Voids  and  bubbles 

How  far  voids  ir  the  jacket  mlve  rise  to 
additional  loss,  is  belnp  examined  at 
present,  i'p  to  now  it  was  found  that  voids 
with  less  than  C. 5 nr  lenrth  usually  do 
not  lead  to  a perceptible  loss  increase. 

Pollovinr  reasons  are  considered  as 
causes  for  void  and  bubble  formation  at 
the  fiber  surface; 

a)  Vapourization  of  the  unreacted 

nrecoatinr  solvents  or  decomrosit ion 
of  the  precoatlrr 

h)  Humidity 

c)  Faulty  vacuum  settinp  in  ease  of  a 
particular  extrusion  process 

d)  Turbulence  in  the  melt  cominr  out 
of  the  extruder  cross  head 

el  Cuenchinp  of  the  jacketinp  /5/ 

The  typical  share  end  anpearance  of  the 
void  or  bubble  can  help  in  findinp  out 
which  of  the  above  five  reasons  cause 
bubble  formation. 

The  unreacted  solvents  or  decomposition  of 
precoatinps  normally  cause  drop-shaped 
bubbles  which  stand  with  their  tip  on  the 
fiber's  surface.  Bubbles  formed  due  to 
humidity,  quenchinp,  and  faulty  vacuum 
settinp  are  of  very  Irrepular  shape  and 
partly  enclose  half  of  the  fiber  and  have 
a scattered  ranpe  of  lenpth  (Pip.  S). 
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for  various  fiber  dianeters  to  ruarantee 
a constant  cone  lenrtb.  It  can  be  seen 
that  a slirhl  fluctuation  in  fiber 
diameter  or  an  uneven  fiber  surface  can 
cause  irregularities  in  the  cone  lenrth 
which  could  rive  rise  to  bubble  formation 
and  diameter  fluctuation. 


QJ2 


Pif.  5:  nubbles  in  fiber  jacket  due  to 
faulty  vacuum  setting 

Finally  the  bubbles  caused  due  to 
turbulence  in  the  extruded  melt  occur 
rather  ref’ular  and  enclose  the  fiber 
fully.  Such  a jacketed  fiber  seems  to  be 
partly  hollow  and  partly  tirht  jacketed 
with  a period  lenrth  in  the  ranpe  of 
few  ems . 

Bubbles,  caused  by  vapourization  of  the 
unreacted  solvents  in  the  precoatinr  can 
be  easily  avoided  by  pretemperinr  of  the 
fiber  to  be  jacketed.  In  order  to  prevent 
decomposition  of  the  precoatinr  it  has  to 
be  chosen  for  sufficient  temperature 
stabil*  ty. 

Hiph  attenuation  increase  has  been 
measured  in  case  cf  bubbles  caused  due  to 
wet  fiber  surface.  These  bubbles  can  be 
avoided  usinr  pretreatment  like  dry 
storare,  air-conditioninp  of  the  extrusion 
line  hall,  or  even  temperinr  the  fiber  just 
before  it  enters  the  cross-head. 

The  third  possibility  namely  faulty 
vacuum  setting,  can  only  be  avoided  by 
respective  measures  during  extrusion. 
Thereby  it  has  to  be  noted  that  in  order 
to  prevent  unnecessary  melt  pressure,  tube 
extrusion  is  preferred.  The  tubinp:  die 
produces  a tubular  shape  which  is  then 
drawn  down  in  conical  shape  to  contact  the 
fiber  shortly  after  its  exit  from  the  die. 
The  die  permits  the  use  of  vacuum  to 
obtain  tight  jacket  and  to  control  the 
length  of  the  extruded  cone.  ’’  est 
results  can  be  performed  adju  "he 

vacuum  so  that  a constant  cor  is 

maintained. 

Fig.  6 shows  an  optimal  setting  i . . .cuum 
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Fig.  6:  Optimal  vacuum  setting  for  fiber 
jacketing  as  a function  of  fiber 
diameter 


Obviously  for  a different  extruder  line, 
the  above  plot  would  be  different. 


The  fourth  type  of  bubble  formation,  i.e. 
due  to  turbulence  in  the  extruder  melt 
appears  as  soon  as  the  melt  outflow  rate 
exceeds  a certain  velocity:  At  this  point 
the  laminar  flow  changes  to  turbulent 
flow.  The  extruded  melt  partly  touches  the 
fiber  and  hence  the  air  gap  which  is  not 
yet  evacuated  is  enclosed  by  the  melt. 

This  prevents  the  complete  evacuation  of 
the  gap.  The  result  is,  as  stated  before, 
a periodically  hollow  and  tight  jacket 
causing  an  extremely  high  increase  of 
attenuation.  This  can  be  avoided  by 
reducing  extrusion  line  speed.  However, 
for  the  line  speed  a lower  limit  is 
determined  by  the  fact  that  other 
periodicities  an  diameter  fluctuations 
Induced  by  the  screw  revolution  have 
critically  low  spatial  period-length.  As 
mentioned  above,  diameter  fluctuations 
with  low  spatial  period-length  could  give 
rise  to  additional  loss. 
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The  type  of  bubble  formation  which  is 
caused  by  a cooling-shock  can  be  avoided 
by  using  a sufficiently  slow  cooling 
procedure,  e.g.  a modified  water  cooling 
or  air  cooling. 

5.  Measuring  devices 

As  discussed  above,  toe  influencing 
parameters  to  be  controlled  are 

a)  Eccentricity  and  diameter 
fluctuations 

b)  Bubble  formation 

Special  devices  were  developed  for 
controlling  both.  The  eccentricity  in  two 
planes  is  controlled  with  help  of  TV 
cameras.  The  TV  monitors  are  placed  just 
beside  the  extruder,  so  that  the  operator 
is  able  to  adjust  the  line  for  optimal 
centricity.  Due  to  optical  distortion  the 
fiber  appears  thicker  than  in  reality 
within  the  transparent  jacket. 

Therefore  the  eccentricity  can  not  be 
measured  by  this  device.  On  the  other  hand, 
a concentric  jacketed  fiber  would,  in  any 
case,  appear  concentric  on  the  monitor 
too,  i.e.  the  optical  distortion  does  not 
prevent  the  adjustment  of  concentricity. 

Once  the  centricity  of  the  fiber  within 
the  jacket  is  optimized,  it  would  not 
alter  normally,  even  for  the  jacketing  of 
the  next  fiber. 

For  fine  adjustment  and  examination  for 
bubbles,  another  device  has  been  built. 

Fig.  7 shows  a schematic  sketch  of  the 
device.  It  is  a projector  whereby  the  fiber 
under  test  is  illuminated  and  projected 
onto  a screen  at  two  perpendicular  planes. 
The  cell  is  filled  with  a liquid  whose 
refractive  index  is  matched  to  the  re- 
fractive index  of  the  jacketing  material. 
Therefore  the  jacketing  material  appears 
very  faint  on  the  screen  whereas  the  fiber 
is  clearly  visible.  Due  to  index  matching 
by  the  liquid,  optical  distortion  does  not 
occur  and  eccentricity  can  be  exactly 
evaluated. 


Fig.  7:  Device  for  quality  check  of 
fiber  jacket 


The  same  device  is  used  to  check  the 
bubble  formation. 

In  this  case,  it  is  necessary  to 
investigate  the  fiber  not  in  motion. 
Otherwise  the  bubbles  would  appear  as 
shadows  on  the  screen.  A short  length  of 
jacketed  fiber  in  the  beginning  of  the 
extrusion  orocedure  is  cut  and 
investigated  in  static  position.  It  has 
not  been  noticed  that  a bubble  free  jacket 
in  the  beginning,  showed  bubbles  at  a 
later  stage  of  the  jacketing,  unless 
diameter  fluctuations  of  the  preccated 
fiber  occur. 

Conclusion 


The  tight  jacketing  of  optical  fibers 
without  remarkable  loss  increase  demands 
very  high  quality  standard  concerning 
the  jacket.  Usually  the  eccentricity 
should  not  exceed  10  yum,  and  fluctuations 
of  the  outer  diameter  should  remain  below 
about  30  yum.  These  requirements  which  are 
reaching  the  limits  set  by  the  extrusion 
process  lead  to  new  soecial  extrusion 
heads,  new  measurement  devices,  and, 
compared  to  the  jacketing  of  copper  wires, 
unusual  low  line  speeds. 
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ON  SITE  LOCATION  OP  OPTICAL  FIBER  OEPECTS  AND  EVALUATION  OF  TRANSMISSION  LOSS 


B.  HlllErich 


AEG-TELEPU'JKF.N  KABFI WERKE  AC  AJ50  Maih^ir,  W.Cemany 


Abstract 


Vothoris  for  c'leeklnc  ortical  fib*>rs 
cor.crrr  irr  faults  and  tranar  i ss ler  loss 
are  described  and  corpared.  It  is 
reported  about  an  optical  reasurirp 
apparatus,  by  ir.eans  of  which  fiber 
faults  can  be  analyzed  ard  located  and 
the  transsiission  loss  car  be  evaluated 
by  the  pulse  reflection  or  bacWscatterirp 
method.  The  measured  loss  values  for 
sore  fibers  are  compared  with  the  loss 
values  obtained  with  the  conventional 
?-point-reasurement . V.'hereas  the  pulse 
reflection  method  seers  to  be  well 
suited  for  on  site  m.easurerent  with  laid 
cables,  the  back-scatterinr  could  become 
the  standard  method  for  loss  measurement 
in  laboratory  because  of  its  advantapes 
compared  with  other  methods. 


fractures  has  already  been  described  two 
years  apo  /!/.  In  this  case  (fip.  1) 
lirht  pulses  are  launched  into  the  fiber 
under  test. 


. 1 


1.  Introduction 

For  the  development  and  production  of 
optical  fiber  cables  it  is  necessary  to 
measure  the  fiber  parameters  which  can  be 
influenced  durinp  the  processinp  of 
optical  fibers  to  cables.  Ore  of  these 
parameters  is  the  transmission  loss.  The 
loss  can  chanpe  extensively  durinp  the 
individual  production  stapes.  For  example 
a loss  increase  over  the  whole  fiber 
lenpth  may  occur  due  to  microbendinps  or 
local  loss  increase  may  be  caused  by 
fiber  fractures  or  other  defects. 

Hereby  methods  will  be  described  to  locate 
such  local  defects.  Moreover  it  will  be 
discussed  which  methods  suit  for  quich 
loss  measurement.  Finally  an  apparatus  is 
described  which  since  last  year  has  been 
in  use  for  laboratory  and  on  site  fiber 
fault  location  and  loss  measurement. 
Practical  results  are  reported. 

2.  Methods  to  locate  fiber  defects 


The  "reflection  method"  to  locate  fiber 


Fip.  1:  Principle  of  optical  fiber  break 
location 


At  the  position  of  a break,  a sm.all  part 
of  the  incident  lipht  is  reflected.  The 
reflected  amount  of  the  lipht  pulses  re- 
appears at  the  input  end  of  the  fiber  and 
is  detected  by  a sensitive  photo  detector. 
This  method  corresponds  to  TPR  with  hiph 
frequency  cables,  '''he  distance  between 
the  input  end  of  the  fiber  and  the  position 
of  break  is  evaluated  from  the  time  inter- 
val .It  between  pulse  emission  and  re- 
appearance of  the  reflected  lipht  pulse 
as  follows: 


(1) 

where 


. c ar  ^ C,  /if 
X " 2>i, 

e = Effective  propapation  velocity 
of  lipht  in  the  fiber 


Cp=  Vacuum  lipht  velocity 
hg'  Rernarr<..o  i rdev  in  the  centre 
of  fiber  core 


For  silica  fibers  of  n<.  » 1 . Ilf , dr  approxi- 
mates to  1 ^s  for  jC.  - IPO  m. 
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The  power  of  lipht  reflected  from  a 
fracture  as  per  Snellius  law  amounts  to  a 
maximum  value  of  3.5t  (7t  in  case  of 
constructive  interference  between  both 
fiber  surfaces)  of  Incident  power.  In  ease 
of  an  inclined  fracture,  the  reflected 
power  is  lower.  Marcuse  showed  /?/  that 
above  a critical  ar.f;le<Xt  no  reflection 
from  the  fracture  can  be  detected.  The 
critical  anple  can  be  approximated: 

(?) 

where  A is  the  relative  refractive  index 
difference  between  fibe”  core  and 
claddinp;. 


of  the  llrht  pulses.  Therefore  the  sicna]/ 
noise-ratio  should  be  irT>roved  e.p,  usinr 
a boxcar-averarer. 


5.  Methods  to  measure  the  transmission 
loss 


The  "?-point  measurement " is  the  convent- 
ions! method  of  evaluatlnr  the  trana- 
rission  loss  of  optical  fibers.  The  lipht 
power  Ij,  coni  nr  out  at  the  .^ar  end  of 
the  fiber  is  compared  with  the  lirht 
power  To  comlnr  out  after  a few  meters 
without  chanrinr  the  l.^unchinp  condition 
at  the  input  end.  "‘»'e  loss  then  amounts 
to 


In  such  cases  and  also  in  case  of  some 
splitted  fractures  it  is  not  possible  to 
locate  the  position  of  fracture  with  the 
help  of  pulse-reflection. 

These  faults  can  be  located  by  m<'ans  of 
the  back  scatterinr  method.  Parnoski  and 
Morrison  surpi^sted  this  method  for  loss 
measurement  /'}/.  Hereby  lipht  pulses  are 
launched  into  the  fiber  likewise.  The 
powtr  of  backscattered  lipht  within  the 
fiber  due  to  Rayleip;h  scatterinr  is  re- 
corded as  a function  of  the  tine  delay  in 
respect  to  pulse  emission.  At  the  time 
delay,  which  corresponds  to  a position  of 
a fracture,  an  abrupt  change  in  the  back- 
scattered  power  occurs.  Pip.  2 shows  the 
backscattering  of  a fiber  with  non- 
reflecting  fracture. 


0 ?W»  *00“  ♦ b#r  ••Vjth 

0 «*<oi 


Fig.  2:  Backscattered  light  of  a fiber  with 
a non-reflecting  break 


(5)  a fdi^  » 10  log  (ij/ip) 


Since  the  light  coupling  at  tbe  innut  end 
is  unchanged  in  both  rases,  the  measure- 
ment is  very  accurate.  A disadvantage  is 
that  the  fiber  has  to  be  cut  some  meters 
behind  the  input  end  for  measuring  the 
power  Iq.  This  method,  therefore,  is  not 
non-destructive  and  hence  less  suited  for 
field  measurement. 

This  disadvantage  can  be  avoided  if  the 
power  coupled  into  the  fiber  is  measured 
only  once  to  obtain  loiand  for  every  loss 
measurement  an  optimal  adjustment  of  light 
power  launching  is  done  at  the  input  end 
("Insertion-loss  method").  The  adjustment 
of  optimal  launching  requires  a measure- 
ment-value transfer  from  the  far  end  of 
the  fiber,  which  is  mostly  unsuitable  in 
case  of  buried  cable  sections  cr  cables 
in  ducts. 

.Ruch  difficulties  can  be  omitted,  if  light 
power  launching  and  detection  can  take 
place  at  the  same  fiber  end  as  with  the 
pulse  reflection  method  /A/.  The  same 
apparatus  as  for  fault  location  can  be 
used.  At  the  far  end  of  the  fiber  a plene 
mirror  is  fixed  perpendicular  to  the 
fiber's  axis,  which  reflects  the  light 
pulses  coming  out  of  the  fiber  back  into 
the  fiber.  The  light  pulses  coming  out 
of  the  input  fiber  end  have  suffered  an 
attenuation  which  corresponds  to  twice  the 
fiber  length.  Comparing,  the  height  of 
these  pulses  Ij  with  the  pulse  height  Ig 
for  a short  fiber  lenght  the  loss  can  be 
evaluated  as 

(k)  0(  fdn]  = 5 log  (Ii/Iq) 


The  power  of  backscattered  light  is  very 
small  in  comparison  to  the  incident  light. 
It  is  ko  ...  50  dP  lower,  depending  on  the 
loss  induced  by  scattering  of  the  fiber, 
its  numerical  aperture,  and  the  duration 


With  the  above  mentioned  backscattering 
method  only  one  fiber  end  is  needed  for 
measurement.  From  the  decrease  of  the 
backscattered  signal  as  function  of  the 
time-delay,  the  transmission  loss  can  be 
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evaluated,  considering  that  the  ratio 
between  incident  and  backscattered  light 
power  is  constant  over  the  fiber  length 
(which  should  be  true  in  most  cases). 

With  this  method  the  uniformity  of  loss 
over  the  fiber  length  can  be  checked,  and 
defects  as  scattering  centers  can  be 
localized.  Another  advantage  in  comparison 
with  the  insertion  loss  method  proves  to 
be  that  incorrect  measurement  results 
because  of  non-optimal  adjustment  of  light 
power  ’a-  nching  are  nearly  impossible. 

A disadvantage  is  the  low  measurement 
range  because  of  the  extremely  low  power 
of  backscattered  light.  Therefore  a costly 
signal  averager  seems  to  be  necessary. 


*1.  Description  of  the  apparatus 


A measuring  apparatus  has  been  developed, 
by  means  of  which  fiber  fractures  and 
other  faults  can  be  localized  and  the 
transmission  loss  can  be  evaluated  by  pulse 
reflection  and  backscattering.  The 
principle  of  operation  is  shown  in  fig.  3. 


Fig.  3:  Apparatus  for  fiber  fault 

location  and  loss  measurement 


A SHJ-laserdiode  (Ld)  with  an  emission 
wavelength  of  90k  nm  is  driven  by  current 
pulses  of  Ipeak  = 10  A and  a repetition 
rate  of  3 kKz.  The  light  pulses  emitted  by 
the  laserdiode  have  a halfwidth  of  50  ns 
and  are  launched  into  the  fiber  by  two 
microscope  lenses  (NA  = 0.25).  The  light 
power  coupled  into  the  fiber  amounts 
50  ...  150  mW  depending  on  core  diameter 
and  numerical  aperture  of  the  fiber  under 
test.  The  light  power  reappearing  at  the 
input  end  of  the  fiber  due  to  backscatter- 
ing and  reflection  is  splitted  by  a beam 
splitter,  a part  is  focussed  on  an  aval- 
anche photodiode  (apd). 


The  gain  of  the  avalanche  photodiode  and 
the  light  power  of  the  laserdiode  is 
variable  in  order  to  avoid  overload  and 
nonlinearity,  if  the  set  Is  used  for  loss 
measurements.  If  necessary,  an  additional 
?0  dB-optical  attenuator  can  be  used.  The 
signal  - after  amplification  - is  dis- 
played on  an  oscilloscope,  which  provides 
a digital  display  of  the  delay. 

With  the  help  of  this  feature  the  distance 
between  the  input  end  of  the  fiber  and 
fractures  or  other  faults  can  be  evaluated 
very  easily.  In  order  to  Improve  the 
simal/nolse-rai  io  the  signal  can  be 
processed  by  a boxcar  averager. 

Fig.  k gives  an  idea  of  the  rather  com- 
pact and  rugged  optical  assembly  of  the 
apparatus. 


Fig.  k:  Optical  assembly 


The  dimension  of  the  base  plate  is  ?0x?6 
cm.  The  laserdiode  tog.ether  with  the 
laserdriver  and  the  avalanche  photodiode 
with  a preamplifier  are  Placed  within 
well  shielded  housings  in  order  to  avoid 
signal  interference  by  strong  current 
pulses  of  the  laser  driver. 

The  input  end  of  the  fiber  is  put  into 
a micropositioner  of  the  " v-groove-type" 
which  is  adjustable  in  x-  and  y-direction 
A coated  glass  slide  serves  as  stop  in 
2-direction.  Py  this  a well  defined 
position  of  the  fiber  in  z-direction  and 
also  a small  amount  of  reflection  at  the 
fiber  input  end  is  obtained.  Only  0. k?  of 
the  light  power  coupled  into  the  fiber  la 
reflected.  This  is  a rather  low  value 
compared  with  the  3.5<  - reflection  at  a 
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single  gla. s/air-boundary . Strong  reflect- 
ions at  the  fiber  input  cannot  be  tolera- 
ted with  backscattering  measurement 
because  of  the  very  low  signal  level. 

For  loss  measurement  by  pulse  reflection 
a plane  mirror  is  fixed  at  the  far  fiber 
end  perpendicular  to  the  fiber  axis  by  a 
mount  shown  is  fig.  5.  If  index  matching 
liquid  is  attached  between  mirror  surface 
and  fiber  a reflection  nearly  without 
lossed  is  obtained. 


'■Mr 


Fig.  5:  Fiber  mirror  mount 

5.  Practical  results 
5.1  Fault  location 


During  12  months  the  apparatus  was  used 
for  fracture  location,  non-reflecting 
breaks  (as  in  fig.  2)  occured  very  rarely. 
Typically,  breaks  showed  strong  reflect- 
ions. A reflection  oscillogram  of  a fiber 
with  several  breaks  is  shown  in  fig.  6. 


two  fractures  or  between  the  fiber's  end 
and  a fracture,  which  simulate  additional 
fractures,  are  observed.  Fig.  7 gives  an 
exaaple.  Such  multiple  reflections  can  be 
identified  in  the  following  way: 


Pig.  7:  Pulse  reflection  display  with 
multiple  reflectiors 


The  time  delay  of  the  n reflections  of  a 
fiber  shall  be  Tj  ...  T^.  The  differences 
^ij  = |Ti-T;|wlth  1 < i ,J  4 n are 
evaluated.  Tf,;  is  stated  as  ToS  » T j . If 
(3)  fij  = Tik  for  any  i,  j,  k with 
Ofi'tj^-k  *n,  then  Tj  is  assumed  to 
represent  a multiple  reflection.  There 
are  two  reasons  why  this  analysis  can 
lead  to  erroneous  results: 

1.  V.'ith  this  apparatus  the  time  delay  Ti 
cannot  be  evaluated  with  any  accuracy. 
Therefore,  when  using  equ.  (3)  as 
criterion  for  multiple  refl‘»ction8,  the 
error  of  time-delay  measurement  has 

to  be  taken  into  account. 

2.  A position,  where  equ.  (3)  is  valid, 
can  coincide  with  a real  fracture. 

Besides  fiber  fractures  other  defects  may 
occur,  for  example  local  defects,  which 
originate  from  the  fiber  drawing  process, 
or  fiber  sections  of  high  loss  caused  due 
to  improper  jacketing. 

Such  uefects  are  luowlized  by  analysis 
of  the  tc.c;.ccattering-«lpnal. 

In  fife.  6 the  backscattering  of  n fiber 
with  a defect,  originating  frcn.  the 
drawing,  process  is  shown. 


Fig.  6:  C.r.t.  display  of  a fiber  with 
several  breaks  (Hor. : Ips/div.) 


Sometimes  multiple  reflections  between 


376 


I 


• mm  mm  f -mtim 


Fip.  8:  Packscattered  power  of  a fiber 
with  a local  defect 


It  is  interesting  that  this  defect  causes 
a higher  juirp  of  intensity  in  one  direct- 
ion (lower  end  -»  upper  end)  along  the 
fiber  than  in  the  other  direction.  Fig.  9 
represents  the  backscattering  of  a fiber, 
which  is  inproperly  jacketed  at  one  end 
section.  The  loss  at  this  section  equals 
10  dB/km,  whereas  the  loss  of  the  main 
part  amounts  to  3.6  dD/km. 


Pig.  9:  Backscattered  power  of  a fiber 
with  losaing  section 


■^he  accuracy  of  fault  location  mainly 
depends  on  the  accuracy  of  tire-delay 
evaluation.  Because  with  the  oeeilloscope 
used  along  with  this  aopcratus  (HP  17??) 
the  delay  is  generated  and  r.easuped  by 
analog  circuits  (only  tt’e  display  is 
digital),  the  accuracy  is  not  hetter  than 
*0.3»  or  t 1 m,  if  the  delay  is  helow 
5 /us.  fo,  a fracture,  which  has  a dist- 
ance of  about  fOf*  n frop  the  fiber's  end, 
can  be  localized  within  i ?r.  In  practice 
this  error  o'tm  is  sufficiently  srall 
[ A fiber  fault  locator  with  digital 
delay  neasurerent  is  under  development  at 
AFC-TFLFFPh'KFV.  The  accuracy  of  delay 
measurement  is  expected  to  be  within 

Af.Ol  t J. 

The  dvnnm.ic  range  of  our  apparatus  amountfi 
to  6o’  ...  7"  d"  for  a (.r*K)/*l- ratio  of 
more  than  ?:1,  dependinr  on  the  core 
radius  and  numerical  aperture  of  the 
fiber  to  be  examined.  So,  with  fibers 
of  'lA  > f.?!,  core  radius  a « 30  far  and 
transmission  loss  OC  i 6 dB/km  fractures 
within  a distance  of  about  A km  can  be 
localized,  “y  rears  of  a boxcar-averager 
the  (r**J)/V-ratio  is  remarkably  improved, 
whereby  the  dynamic  range  rises  up  to 
7B  ...  85  dP. 

5.?  T.oss  measurement 


The  pulse  reflection  method  proved  to  be 
well  suited  for  the  fast  loss  measurement 
in  the  field.  Only  a few  components  (a 
pulsing  laser  diode,  some  simple  optical 
components,  and  an  oscilloscope)  are 
needed.  In  fig,.  10  an  example  of  a pulse 
reflection  oscillogram  is  shown. 


Fig.  10:  I, OSS  measurement  with  pulse 

reflection.  Oisplay  on  c.r.t. 


The  fiber  has  a length  of  707  m.  This 
results  in  a time  delay  of  7 ius  between 
input  (pulse  at  the  left  in  fig.  10)  and 
the  pulse  reflected  by  the  mirror  at  the 
far  end  of  the  fiber  (high  pulse  at  the 
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ripht ) . 

Por  some  fibers  with  step-  and  rraded- 
index  profile  the  apreeirent  of  the  loss 
value  evaluated  by  the  pulse  reflection 
nethod  and  the  conventional  2-point-rethod 
was  tested.  The  historrar  of  the  loss 
value  differences  is  shown  in  fip.  11. 


Fir-  11:  Difference  in  loss  reasurerent 
between  conventional  and  pulse 
reflection  rethod 


For  the  2-point-r.ethod  a wavelength-filte- 
red incoherent  light  source  was  used.  The 
low  launching  aperture  of  *.'A  = 0.15  did 
not  fill  the  *IA  of  the  fibers,  which 
amounted  to  0.17  ...  0.26.  The  differences 
in  loss  value  hetween  the  two  methods  are 
within  -1.0  dB  and  +1.2  dB.  The  mean 
absolute  difference  is  0.53  dB.  So  the 
agreement  is  quite  acceptable.  It  has  to 
be  taken  into  consideration  that  the 
average  error  of  2-point-m.easurement 
amounts  to  0.2  dB  and  that  the  different 
launching  conditions  can  lead  to  different 
loss  values  in  the  order  of  several  tenths 
of  one  dB  /5/. 

The  apparatus  has  a measuring  range  of 
25  dB.  This  figure  seems  to  be  low  and  is 
caused  by  the  go-  and  return  path  of  the 
light  pulses  along  the  fiber.  Besides  the 
measuring  range  of  a 2-point-ne&3uring 
apparatus  with  wavelength- filtered  tungsten 
lamp  as  light  source  and  lock-in-detection- 
technique  has  about  the  same  value. 

Loss  measurement  by  analysis  of  the  back- 
scattering  exhibits  following  advantages 
in  comparison  to  other  methods: 

1.  Only  one  fiber  end  is  required  for 
measurement 

2.  Reproducible  and  accurate  results  even 
with  non  optimal  light  power  launching 


3.  Display  of  the  lepeth  dependence  of 
loss 

k.  fvalua^lor  of  fiber  length 
•>.  Faster  than  other  methods  (see  1.  and 
?. ) 

f.  •.'on-destructive 

Due  to  tt-ese  advantages  this  rethod 
competes  with  the  convert lorsl  2-polnt- 
r.easure-ent  as  standard  method  for  fiber- 
loss  evaluation.  Therefore  the  aereerent 
of  loss  values  between  the  two  method 
Is  of  Interest. 

Fir.  1?  shows  the  histogram  of  the  loss- 
value  differences  between  ?-point-method 
and  backscatterirg  method,  evaluated  for 
a lot  of  fibers. 


t 


Fig.  12:  Difference  in  loss  measurement 
between  conventional  and  back- 
scatterine  method 


These  fibers,  produced  by  A different 
manufacturers,  have  core  radius  a=20  ... 
35  /jm  and  numerical  apertures  of  NAsf.p 
. .0.3.  There  is  a tendency  to  higher 
loss  values  measured  with  the  back- 
scattering  method.  This  was  expected 
because,  with  the  2-Point -measurement, 
the  'lA  of  the  fibers  was  not  filled  and 
therefore  higher  order  modes,  which  are 
sometimes  lossier,  are  p..t  excited. 

Altogether  the  agreement  between  these 
so  diffeeent  methods  is  remarkably  good. 
The  maximum  difference  is  -1.0  dP  and 
♦0.7  dB  respectively,  the  mean  absolute 
difference  amounts  to  0.35  dB.  This 
agreement  is  far  better  than  with  the 
first  results  reported  by  Pamoski  et  al 
/3/.  It  may  refer  to  the  different 
launching  conditions.  Parnoski  launched 
the  light  pu’ses  by  a tapered  fiber 
section  into  the  fiber  thus  exciting 
mainly  the  lossier  higher  order  modes. 
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The  measuring  range  of  our  set  amounts  to 
12  dB,  mostly  restricted  by  the  dynamic 
range  of  the  logarithmic  amplifier.  It 
is  desirable  to  blend  out  parts  of  the 
signal,  mostly  the  input  reflection,  that 
in  spite  of  the  low  dynamic  range  fibers 
with  total  loss  higher  than  12  dB  can  be 
analyzed  part  by  part.  Modifications 
concerning  this  point  are  under  develop- 
ment . 


Conclusions 

It  has  been  shown  that  with  a single 
rather  simple  apparatus  as  well  fiber 
faults  like  fractures,  scattering  centers 
and  lossy  sections  can  be  detected  and 
located,  as  the  transmission  loss  can  be 
measured.  This  apparatus  mainly  consists 
of  a pulsed  laserdiode,  some  simple  opti- 
cal components  and  an  oscilloscope.  For 
exact  analysis  of  backscattering,  however, 
an  additional  signal  averaging  device  is 
necessary . 

For  loss  measurement,  the  pulse  reflection 
method  proved  to  be  suited  for  laid  opti- 
cal fiber  cables,  thus  for  on  site 
measurement.  The  backscattering  method  has, 
compared  to  other  methods,  several  advan- 
tages, which  give  rise  to  the  expectation 
that  this  method  will  become  the  standard 
method  for  loss  measurement  in  laboratory. 
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Abstract 


A low  loss  raulti-tiber  cable  has  been  develop- 
ed suitable  for  duct  and  buried  installations  usin^ 
conventional  Installation  methods  .ind  equipment. 
Trial  lengths  of  this  cable,  up  to  one  kilometer  In 
length,  have  been  produced  in  the  factory,  install- 
ed in  the  field  and  are  operating  satisfactorily  In 
coinraerc ial  service. 

This  paper  describes  the  cable  design,  the 
test  results  achieved  and  discusses  the  mecluinlcal 
and  optical  properties  of  these  cables.  The  com- 
paratively large  volume  of  cables  produced  to-date 
permitted  statistical  treatment  of  their  most  Im- 
portant optical  characteristics  with  high  confidence 
level  in  results  obtained.  Some  results  confirm, 
while  others  appear  to  contradict  established 
theories. 

It  is  apparent  that  as  the  optical  quality  of 
the  fibers  improves,  it  will  be  more  difficult  to 
maintain  the  low  level  of  loss  due  to  the  cabling 
operation  with  present  technology. 


Introduction 

Since  about  1970  the  world-wide  development 
of  low-loss  optical  fibers  has  advanced  to  such  an 
extent  that  their  application  <n  long  distance 
optical  communication  systems  has  become  feasible. 
Early  in  the  development,  it  was  anticipated  that 
ten  or  more  years  of  R&D  work  would  bo  required  to 
reduce  the  cost  of  optical  fibers  to  the  level  at 
which  the  fibers  would  be  economicallv  competitive 
with  metallic  conductors.  It  was  also  anticipated 
that  the  development  of  optical  cables  and  their 
evaluation  under  normal  field  conditions  would  also 
take  ten  or  more  years  and,  therefore,  the  develop- 
ment work  on  optical  fibers  and  cables  should  be 
carried  out  concurrently. 

In  197A  General  Telephone  & Electronics  and 
General  Cahle  Corporation  established  a .lolnt  pro- 
ject for  the  development  of  an  optical  communica- 
tion system  for  installation  in  a ci»mmerclal  tele- 
phone network  and  evaluation  under  field  conditions. 
GT&E  undertook  principally  the  development  of 
elec t ro-opt leal  carrier  equipment  and  splices,  while 
GCC  undertook  the  development  of  the  optical  cable. 
Rapid  progress  in  optical  fiber  development 


obsolcted  the  originally  established  project 
objectives  .and  new,  more  stringent  project  require- 
ments were  introduced. 

One  of  the  basic  requirements  for  this  project 
was  the  development  of  an  optical  cable  having 
less  than  10  dH/km  attenuation  at  820  nm  wave- 
length which  could  he  installed  in  lengths  up  to 
1 km  in  existing  ducts  or  buried  directly  using 
conventional  methods  and  equipment.^  For  the 
initial  trial  installation  it  was  decided  to  use 
T-1  carrier  and  to  install  a link,  about  9 km 
long  between  two  telephone  offices,  one  In  Long 
Beach,  and  one  in  Artesia,  California.  Tills 
system  was  put  in  operation  by  General  Telephone 
of  California  in  April  1977.^  Following  this  pro- 
ject, other  similar  fiber  optic  cables  have  been 
made  for  other  .ippl  icat  ions. 

The  purpose  of  this  paper  is  to  describe  the 
basic  construction  and  properties  of  optical 
cables  that  have  been  developed  and  constructed 
to-date  for  a scries  of  projects  that  have  cither 
been  completed  or  are  presently  underway. 

C“ble  Construction  and 

Mechanical  Properties 

The  construction  of  the  optical  cables  that  were 
produced  and  are  described  herein  is  shown  in 
Figure  1.  The  optical  fibers  are  laid  parallel  to 
e.ich  other  inside  a flat  plastic  ribbon  lamination 
about  b mm  in  width.  The  ribbon  l.imln.itlon  in- 
corporates b or  10  graded-lndex  fibers*,  depend- 
ing (»n  customer  requirements.  The  fibers  .are 
either  buffered  or  coated  with  a few  microns  thick 
polsTnerlc  layer.  ' Color  coding  is  accomplished 
either  by  having  one  fiber  with  colored  buffering, 
or  in  case  of  unbuffered  fibers,  one  edge  of  rib- 
bon lamination  colored.  The  polxmorlc  laminants 
wore  so  m.ule  as  to  be  peal.ible  ap.art  to  expose  the 
fibers  for  splicing  or  terminating  purposes. 

The  fiber  lamination  Is  plactni  Inside  one  ot 
two  diametrically  opposite  helical  grooves  which 
were  produced  in  a plastic  core  extruded  over  a 
solid  copper  wire  to  an  overall  diameter  of  11  mm. 


* Fibers  were  made  by  Corning  Glass  Works, 
Corning,  Mev  York. 
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Three  or  seven  polyethylene  Insulati'ii  ;olor-coded 
pairs  having  metallic  conductors  0.64  ran  In  dia- 
meter, as  required  by  the  customer,  are  placed  in 
the  second  groove.  The  core  assembly  Is  bound  by 
a helical  vrap  and  covered  with  parallel  folded 
core  tape  similarly  bound. 


FtGURE  I CUTAWAY  VIEW  OF  OPTICAL  FBER  CABLE 


The  sheath  of  each  cable  is  constructed  from 
1.3  mm  chick  aluminum  strip  which  is  formed  into  a 
tube  longitudinally  welded  and  subsequently  drawn 
down  in  a continuous  process  to  form  a pressure 
tight,  loose  fitting  tube  over  the  cable  core.  The 
diameter  over  the  aluminum  is  19  mm.  The  outside 
surface  of  the  tube  is  flooded  with  an  asphaltic 
compound  followed  by  a polyethylene  jacket,  follow- 
ed by  0.15  mm  thick  corrugated  steel  tape  with  over- 
lap, asphaltic  flooding  compound  and  outer  poly- 
ethylene jacket  to  an  overall  diameter  of  approxi- 
mately 2.5  cm. 

The  cable  construction  described  above  is 
based  on  our  concept  that  optical  fiber  cables,  to 
be  practical,  must  be  capable  of  being  installed 
in  long  lengths  using  equipment  and  methods  fami- 
liar, and  available  to  the  cable  users.  The 
aluminum  tube  is  the  strength  member  required  for 
placement  of  cables  and  together  with  the  steel 
armor  and  jackets  protects  the  cable  core  during 
installation  operations  and  during  service  life  of 
the  cable  against  crushing,  cutting,  impact  and 
water  or  molstur4  entry.  The  electrical  shielding 
efficiency  for  metallic  circuits  incorporated  In 
the  core,  is  also  high. 

The  design  of  the  cable  core  has  built-in 
flexibility  as  far  as  fiber  count  Is  concerned 
since  placement  of  laminations  in  each  groove,  or 
more  than  one  lamination  per  groove, is  feasible. 

In  the  optical  cables  manufactured  to-date,  0.64mm 
(No.  22  AWC)  polyethylene  insulated  pairs  were 
positioned  in  one  of  the  grooves  and  these  were 
employed  by  the  cable  users  for  repeater  power 
feed,  order,  fault  locj^ting,  etc. 


The  mechanical  properties  of  the  cables  were 
experimentally  determined  to  be  as  follows: 

1.  Minimum  bending  radius  30  cm 

ii.  M^iximum  compressive  force  240  kg  per 

10  cm  of  cable 
length 

iii.  Maximum  permissible 

tensile  load  400kg 

The  above  maximum  compressive  force  of  240  kg 
per  10  cm  of  cable  length  was  taken  at  28  per  cent 
.aluminum  tube  deformation  when  the  aluminum  tube 
inner  wall  Just  touches  the  outer  periphery  of  the 
core.  Under  this  condition,  the  core  movement,  or 
fiber  lamination  movement  within  the  core,  was  not 
restricted.  Maximum  pt'rmissible  tensile  load  of 
400  kg  was  derived  from  tests  on  the  cable  sheath 
alone  which  at  0.2Z  elongation  shoved  a load  of 
about  540  kg.  The  strain  of  0.2  per  cent  was 
taken  as  a safe  maximum  value  from  the  point  of 
view  of  the  optical  fibers.  Another  safety  pre- 
caution consisted  of  taking  75  per  cent  of  measur- 
ed 540  kg  load,  or  about  400  kg,  as  the  maximum 
permissible  axial  tensile  load  during  installation. 

Cable  Attenuation  Analysis 


A number  of  cable  production  runs  were  made  for 
projects  that  are  either  completed  or  are  presently 
under  construction.  The  discussion  of  optical 
properties  is  mainly  based  on  production  runs  of 
eleven  cables  for  GT^E/CCC  Tl  trial  which  employed 
six  buffered  fibers  and  a run  of  three  cables  for 
T3  link  which  employed  seven  unbuffered  fibers. 
Fibers  used  in  the  CT4E/GCC  trial  had  a minimum 
bandwidth  of  200  MHz,  while  in  the  T3  trial  the 
fiber  minimum  bandwidth  was  400  MHz.  All  fibers 
made  by  Corning  Class  Works  were  of  graded-index 
type  and  their  nominal  dimensions  were  62.5  urn 
core  and  125  pn  diameter  over  cladding.  Buffered 
fibers  had  200  pm  nominal  diameter  over  the  EVA 
type  buffering. 

A summary  of  attenuation  results  is  shown  in 
the  form  of  statistical  plots  in  Figure  2.  These 
results  indicate  that  in  the  case  of  the  cables 
for  CT&E/CCC  trial  the  50%  probability  attenuation 
at  820  nm  wavelength  and  0.1  launch  NA  of  fibers 
before  cabling  was  5.1  dB/km  while  after  cabling 
it  was  about  6.1  dB/km;  corresponding  results  for 
T3  link  were  4.4  dB/km  and  5.1  dB/km. 

In  the  case  of  unbuffered  fibers,  the  cabling 
operations  caused  a 0.7  dB/km  increase  in  the  50 
per  cent  probability  attenuation  and  practically 
no  increase  In  its  3 5*  limits,  while  in  the  case 
of  buffered  fibers  the  cabling  operations  in- 
creased the  50  per  cent  probability  attenuation  by 
1.0  dB/km  .and  also  substantially  increased  the 
3r  attenuation  limits.  It  is  apparent  that  non- 
uniformity of  the  buffering  is  the  primary  cause 
of  the  difference  In  behavior  of  unbuffered  and 
buffered  fibers.  Figure  2 also  shows  that  the 
cabling  operation  improves  the  attenuation  of  6 
per  cent  of  buffered  fibers.  This  is  an  indica- 
tion that  the  attenuation  values  as  measured  on 
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fibers  before  cabling  comprise  some  losses  caused  microbends  of  the  fibers  in  the  ronf iriorat ion  at 

by  m icrobend inv; » and  this  mlcrobend in>;  in  some  lljj,  t of  t!u«  at  t«’nuat  li*n  measurements, 

fibers  during  the  loss  measurement  is  larger  than 
in  the  finished  cables. 


CLMuiATivr  (>r«cniTAr,( 

"iT/iTisTicAi  oi‘-Tai*i'Ti«»i  nr  aiifrtpn  »«ip  nsfo 

• atfftSE  AND  a^TfP  CA«lIW. 


In  order  to  analyze  the  increase  in  attenu- 
ation due  to  the  cabling  operation,  the  unbuffered 
fibers  used  for  manufacture  of  cables  were  divided 
Into  two  categories:  the  first  having  an  attenu- 
ation of  3.5  to  4.3  dB/km  and  the  second  having  an 
attenuation  of  4,3  to  5.0  dB/km.  Slmiliarly  the 
buffered  fibers  were  divided  into  categories  hav- 
ing an  attenuation  of  4 to  5 dB/km  and  5 to  6 
dB/km.  An  increase  in  attenuation  due  to  the 
cabling  operation  is  statistically  plotted  for 
each  group  of  fibers  in  Figure  3.  Figure  3 shows 
that  in  case  of  both  unbuffered  and  buffered  fibers, 
the  Increase  in  the  attenuation  due  to  the  cahllng 
operation  is  higlier  for  the  fibers  Ijaving  lower 
attenuation  before  the  cabling  operation. 

On  an  average  basis,  the  difference  in  attenu- 
ation of  the  two  selected  groups  -'f  buffered  fibers 
utilized  in  the  CrT&E  cable  is  1 dB/’an  (5  to  6 minus 
4 Co  5 dB/km)  and  the  average  difference  in  the 
attenuation  increase  due  to  cabling  operation  is 
approximately  0.5  dB/km.  Slmlllarlv  for  the  con- 
sidered two  groups  of  unbuffered  fibers,  the  aver- 
age difference  In  the  attenuation  before  the  cabl- 
ing operation  is  0.75  dB/km  (4,3  to  5.0  minus  j,5 
to  4.3  dB/km)  and  the  difference  in  the  average  in- 
crease in  attenuation  due  to  cabling  operat Ion  Is 
0.4  dB/km.  On  the  basis  of  the  above  results,  one 
can  postulate  that  the  high  value  ol  attenuation  as 
measured  on  some  fibers  before  the  cabling  operation 
is  mainly  caused  by  the  high  core  to  cladding  inter- 
face losses  which  may  be  introduced  by  the  geo- 
metrical non-unlformlty  of  the  liber  and/or  bv  the 
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The  above  results  indicate  that  buffering  of 
the  fibers  with  E\’A  compound  causes  additional 
microhending  of  the  fibers  and  hence  higher 
losses  in  finished  cables  as  compared  with  cables 
made  of  unbuffered  fibers.  Higher  order  modes 
are  stripped  from  the  higher  attenuation  fibers 
due  to  the  imporf ec t Ions  at  the  core/c ladd ing 
interface  .ind  onlv  small  number  of  additional 
modes  is  stripped  bv  the  microbending  distortion 
Introduced  bv  the  cabling  operations.  The  re- 
verse explar^Jl  i«’n  can  be  postulated  for  the  lower 
attenuation  fibers  with  lesser  interfacial  ir- 
regular i t los . 

Fffect  of  Ntiroerical  Aperture 
CM!  . I bllng  Lt^ss 

The  statistical  d ist r Ibit ion  of  cabling  losses 
for  buffered  and  unbuffered  fibers  for  various 
numeric.il  ap«’rture.s  (NA)  Is  .shown  In  iigure  4. 
Slmlllarlv  as  above,  the  fibers  arc  divided  Into 
two  categories:  unbuffered  libers  having  NA 
0.119  to  0.150  .md  0.150  t*i  0.180  and  buffered 
fibers  iiaving  NA  0.140  - 0.150  and  0,150  - 0.1b3. 
Figure  '*  indicates  that  fibers  having  higher 
numeriial  aperture  have  higher  Increase  In  attenu- 
ation due  to  sibling  operation  (higher  cabling 
loss^).  In  oth**r  wt-rds,  the  me.isurod  results 
show  that  the  sm.iller  Is  the  NA,  the  less  is  the 
idded  l«»s%  d*'e  t tlie  m i«  robend  in^: . These  re- 
sults do  not  ..)nflrin  btit  rather  contradict  the 
th«-r»*ti-  »1  .inalvsls  given  in  references  3 and  4, 

Th«*  results  .’t  Figure  ^ appe.ir  to  be  logical 
and  tmplv  tliat  while  It  Is  true  that  high  NA 
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KMecC.  of  Non-Kqui  Uhrium  Loss 

Tlio  ori'oct  ot  non-cqut  1 Ibrtvim  loss  Is  dotnon- 
sti'.ilis!  in  TabK*  1.  Column  R sliows  the  results  ot 


tihers  are  less  sensitive  to  miei  oheiul  iiu; , ll\ey  also 
aeeept  more  1 l>;ht  power  at  tiu*  input,  ami  lil^her 
order  modes  travel  I itu;  close  to  hi«h  critical  angle 
.ire  attenu.ited  more  in  traversing  the  fiber  core. 

The  net  results  Is  the  sum  ol  InUh  effects. 

The  lesser  disp.iritv,  in  the  case  of  unbuffer- 
ed fibers,  appears  to  be  due  ti'  lesser  degree  of 
microbending  in  these  cables  resulting  from  more 
uniform  lamination  as  compared  to  buffered  fibers. 

I’f  f ect  of  .\t  tomiat  Ion 
nd  w i il  t h 

In  order  to  demonstrate  the  effect  of  attenu- 
ation on  the  bandwidth  of  completed  optical  cables, 
a statistical  plot  of  bandwidth  is  made  fiT  bOO  MHz 
minimum  b.imlwidth  class  bufferiui  fibers  with  an 
attenn.ilion  range  U.b  to  3.8  dB/km  and  scpar.uelv 
with  an  attenuation  range  3.8  to  7.0  dll.  km  - 
Kiguit'  S.  These  libers  were  nsi'd  It'i*  high  spi*ed 
liata  link  and  were  not  previously  described.  Fig- 
ure 5 indicates  that  fibers  with  higlier  .it  tenuat  (on 
exhibit  broader  bandwlilth.  400  MHz  minimum  band- 
width unhullered  fibers,  previously  described,  did 
not  indicate  dept*mlence  I't  the  h.indwldtli  on  attenu- 
ation. it  (s  worthwhile  to  tmiphasize  that  in  case 
of  bt'th  bul  fiTed  and  unbiffered  fibers,  at  30 
per  emit  prob.ibi  1 1 tv,  tl«e  c.ibllng  operation  ilid  not 
s i gn  i t i '-ani  I V .iffect  the  h.inilwidth  of  the  fibers. 

At  higher  probab  i 1 i t ies , the  efimt  I'f  the  cabl- 
ing operation  was  pronounced  .ind  the  bandwidth  tie- 
creased  on  some  fibers  and  increased  on  other 
f (bers. 


T.ible  1 

'feasured  Attenu.uion  on  Installed  .ind  Fused- 
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.ittenuation  measurements  performed  sep. irately  on 
two  lengths  of  installed  optical  fiber  c.iMes. 
while  Column  C shows  the  results  of  attenviation 
me.isureil  after  splicing  of  these  two  lengtiis.  The 
ilifference  between  Columns  B i'*d  C represents  the 
non-equ  n Ibr  Ivim  loss  augmented  bv  the  loss  in  one 
.uUlltiv'nal  splice.  Since  the  average  loss  in  the 
fused  tvpe  splice  is  0..2  dH,  it  can  be  antlclp.it- 
ed  that  the  .iverago  non-equilibrium  loss  is  in  the 
order  ol  \.2  dR  when  a commercI.il  I.IT>  of  HJO  nm 
wavelength  is  used  as  a light  source. 


It  should  be  taken  into  a<;count  that  a splice 
Introduced  Into  a fiber  optical  system  provides  two 
loss  components;  one  the  splice  loss  as  Indicated 
above  and  two  additional  non-equi librium  loss. 

The  splice  non-equilibrium  loss  is  not  taken  into 
account  in  the  determination  of  .the  non-equilibrium 
loss  of  the  system.  Therefore,  its  loss  can  be 
higher  than  1.2  dB  indicated  above.  At  the  present 
time,  the  magnitude  of  the  non-equll Ibrium  loss 
introduced  by  a splice  has  not  been  determined. 

Cable  Evaluation  In  Service 

The  details  of  the  cable  installation  by  CT&E 
are  given  In  references  1 and  5.  The  cable,  in 
conjunction  with  other  electro-optical  components, 
is  being  ev.iluated  in  a commercial  network.  Two 
fibers  of  this  cable  were  employed  to  form  a test 
loop  3.6  km  long,  containing  7 mechanical  splices. 
The  loop  LED  st.ibillty  (input  power)  as  well  as 
fiber  output  power  is  under  continuous  surveil- 
lance by  two  detectors  and  recorders.  During  12 
weeks  of  operation,  the  LED  output  power  was  stable, 
while  the  power  transmitted  through  the  loop  dropped 
by  about  20  per  cent  or  abotit  1 dB.  This  is  equiva- 
lent to  about  0,27  dB/km  increase  In  loss.  During 
this  time,  on  one  occasion  an  abrupt  drop  in  trans- 
mitted power  of  about  0.6  dB  was  momentarily  re- 
corded. However,  a week  later  the  power  recovered 
to  the  previous  level.  It  is  expected  that  con- 
tinuous monitoring  of  this  test  loop,  togeth-^r 
with  monitoring  of  other  optical  cable  systems, 
will  provide  extensive  Information  relating  to  the 
optical  cable  stability  and  to  its  performance  in 
service.  This  information  is  essential  for  the 
full  commercialization  of  optical  fiber  cables. 

Conclusions 
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1.  It  has  been  demonstrated  that  ''ables  with  5 
dB/km  average  attenuation  can  be  regularly 
manufactured  using  unbuffered,  graded- index , 
f ibers. 

2.  The  average  non-equilibrium  loss  for  utilized 
graded-index  fibers  and  for  commercial  LED 
light  source  is  estimated  to  be  approximately 
1.2  dB  or  higher. 

3.  The  cabling  losses  are  smaller  for  higher 
attenuation  fibers  and  are  higher  for  lower 
attenuation  fibers. 

4.  It  has  been  found  that  the  cabling  losses  of 
the  manufactured  optical  cables  are  higher 
for  fibers  having  high  numerical  aperture. 

5.  The  progress  in  development  of  low  loss  fibers 
(3  dB/km  or  less)  will  necessitate  development 
of  new  cable  constructions  insuring  lower 
cabling  Losses. 

6.  It  is  expected  that  within  next  3 to  5 years 
sufficient  data  will  be  obtained  on  optical 
cables  in  service  to  establish  the  cable  de- 
sign and  the  Installation  procedures  for 
commercial  optical  systems. 
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Abstract 

This  paper  describes  the  Active  Reduc- 
tion System  (ARS),  a device  for  the 
suppression  of  induced  longitudinal  vol- 
tages in  telecommunication  cables.  It 
consists  of  an  amplifier,  a transformer 
and  a power  supply.  The  first  experimen- 
tal installation  took  place  in  Munich  in 
1972,  where  telephone  cables  were  sub- 
jected to  considerable  interference  by 
the  new  rapid  transit  facilities.  This 
large-scale  experiment  was  carried  out 
for  about  5 years.  It  has  led  to  product 
improvements.  The  German  Posts  and  Tele- 
communication Administration  (DBP)  re- 
cently indicated  that  it  considered  the 
tests  as  completed.  The  Active  Reduction 
System  has  thus  become  an  approved  de- 
vice which  may  be  used  wherever  permanent 
interference  is  present. 

The  test  program  has  confirmed  the  valid- 
ity of  the  principle  on  which  the  ARS  is 
established  and  nothing  prevents  its 
application  to  other  technical  areas  or 
its  use  in  foreign  countries.  New  appli- 
cations will  no  doubt  call  for  changes 
in  the  parameters  of  the  device.  However, 
the  ARS  is  flexible  and  lends  itself  to 
a wide  range  of  adaptations.  Furthermore, 
the  ARS  is  suitable  not  only  for  new  in- 
stallations but  it  can  be  economically 
retrofitted  into  existing  systems. 


1 . Introduction 

1 . 1 Interference  sources. 

There  are  three  types  of  interference  in 
telecommunication  cables  induced  by  elec- 
tric power  equipment.  These  are  called 
capacitive,  inductive  or  ohmic  interference, 
depending  on  the  type  of  coupling  between 
the  telecommunication  cables  and  the  power 
line. 


Capacitive  interference  is  caused  by  the 
electrical  field  of  the  power  line.  In- 
terference of  this  type  can  be  avoided 
through  simple  shielding  of  the  tele- 
communication circuit. 


Fig.l  Rapid  transit  motor  car  type 

ET  420  (German  Railroads) , using 
thyristor-controlled  traction. 

Inductive  interference  is  caused  by  the 
magnetic  field  around  a current-carrying 
conductor.  This  magnetic  field  can  induce 
considerable  voltages  into  telecommunica- 
tion cables  within  its  vicinity.  This  is 
particularly  so  in  power  systems  in  which 
the  go  and  return  conductors  form  a large 
loop,  as  is  the  case  with  electric  rail- 
roads which  use  ground  for  the  return 
path.  These  voltages  are  generated  in  the 
circuit  between  the  telecommunication 
conductor  and  ground  and  are  therefore 
called  longitudinal  voltages.  They  can  be 
calculated  according  to  the  following 
equation : 


wherein: 


Ej^  = 2TfMlIr 


Induced  logitudinal  voltage 

Frequency  of  the  interfering 
power  system 


M = Mutual  inductance  between  power 
system  and  telecommunication 
lines 

1 = Length  of  parallel  path 

I = Current  in  the  power  system 

r = Screening  factor 

Ohmic  interference  is  generated  wherever 
a common  ground  is  shared  between 
power  and  telecommunication  systems,  as 
is  the  case  when  telecommunication 
cables  are  located  in  the  vicinity  ot  the 
power  system.  The  current  flow  in  the 
power  system  through  ground  resistance 
generates  voltage  gradients  which  are  ef- 
fective between  the  neutral  ground  and 
the  telecommunication  lines.  This  voltage 
appears  in  the  circuit  between  conductor 
and  ground  as  a longitudinal  voltage. 

The  inductive  and  ohmic  coupling  between 
power  systems  and  telecommunication  lines 
is  particularly  close  when  both  trans- 
mission systems  are  geographically  located 
next  to  one  another,  if  the  distance  over 
which  they  are  in  close  proximity  is  long, 
if  the  current  in  the  power  system  is  of 
high  magnitude  or  if  both  systems  use 
ground  for  their  return  path. 


Fig. 2 Motor  car  type  ET  403  (German  Rail- 
roads) for  traction  of  Inter-City 
trains. 


As  far  as  power  lines  are  concerned,  elec- 
tric railroads  are  particularly  trouble- 
some. This  holds  true  for  either  AC-  or 
DC-operated  lines,  where  harmonics  from 
the  rectifiers  or  high  frequency  parasitic 
signals  from  chopper-operation  of  the 
locomotives  may  generate  interference. 
Symmetrically  laid  out  J-phase  AC  systems 
interfere  with  telecommunication  lines 


only  in  the  case  of  faults  (short-circuit 
between  phases  or  short-circuit  to  ground) 
and  these  are  usually  only  of  short  dura- 
tion. However,  this  is  true  only  if  the 
telecommunication  circuit  is  located  at  a 
sufficient  distance  from  the  3-phase  sys- 
tem where  no  resulting  field  exists.  If, 
on  the  other  hand,  the  telecommunication 
cables  are  sufficiently  close  to  the 
AC-system  so  as  to  create  unequal  dis- 
tances with  respect  to  the  individual 
phases,  a steady  longitudinal  voltage  will 
bo  induced  into  these  cables  by  the  re- 
sulting field.  This  is  known  to  be  the 
case  in  50  Hz  and  60  Hz  systems,  in  par- 
ticular within  high-voltage  power  trans- 
mission corridors. 

1 . 2 Effects  on  telecommunication  cables. 

We  shall  consider  here  only  those  para- 
sitic, induced  voltages  which  lie  outside 
of  the  danger  zone  (65V  limit,  according 
to  German  VDE  Spec.)  and  are  of  long- 
time duration,  that  is,  more  than  0.5  sec. 

Longitudinal  voltages  can  lead  to  opera- 
tional interference  in  telecommunication 
lines  even  at  relatively  low  magnitude. 
This  magnitude  limit  depends  on  the  type 
of  operation  and  on  the  operational  volt- 
age. The  German  Post  Office  uses  two 
systems  for  60  VDC  battery  voltage:  the 
"Rotarysystems"  (HDW-  and  EMD-System) . 

The  limits  for  16  2/3  Hz  are  about  10  V 
and  15  V,  respectively.  Induced  longitu- 
dinal voltages  of  higher  magnitude  can 
lead,  for  example,  to  dialing  distortions 
because  dialing  pulses  are  transmitted 
in  the  circuit  between  conductor  and 
ground.  Furthermore,  in  DC-systems  there 
exists  the  possibility  of  interruption 
of  existing  telephone  communications. 

Another  effect  of  the  longitudinal  voltage, 
especially  within  the  audio  frequency 
range,  is  interference  created  by  dis- 
symmetries in  the  grounding  of  the  ter- 
minals. If  one  assumes  that  the  symmetry 
of  a telecommunication  system  is  40  dB 
and  considering  a permissible  noise  volt- 
age of  0.5  mV  (per  CCITT  Specs.),  a lon- 
gitudinal voltage  of  0.2  V (measured  in 
accordance  with  the  psophometr ical  curve 
of  CCITT)  can  already  lead  to  an  inad- 
missible noise  interference  of  1 mV. 

1 . 3 Protective  devices  used  in  the  past. 

In  the  past,  passive  devices  were  used  to 
reduce  or  eliminate  induced  longitudinal 
voltages  in  cables. 
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Greater  physical  separation  between  the 
telecommunication  and  power  systems  is  a 
simple  way  to  reduce  the  interference. 

There  are  many'  cases,  however,  where  such 
separation  cannot  be  implemented  as,  for 
example,  in  valleys,  along  power  lines  or 
if  an  existing  railroad  is  electrified. 

A known  passive  protective  measure  is  the 
improvement  of  the  screening  factor  of  the 
telecontmunication  cable.  This  is  difficult 
in  cases  where  the  cables  are  subjected 
to  low-magnitude  longitudinal  voltages 
which,  when  integrated  over  longer  dis- 
tances, may  become  quite  considerable. 
Furthermore,  this  kind  of  protection  can 
be  implemented  only  through  the  instal- 
lation of  new  cables. 

Another  protective  measure  is  the  use  of 
isolating  transformers.  These  are  suitable 
only  in  AC-operated  telecommunication  sys- 
tems and,  furthermore,  they  affect  the 
transmission  characteristics.  There  is  a 
limit  to  the  quantity  of  isolating  trans- 
formers that  may  be  built  into  a tele- 
communication line. 

Another  known  method  consists  of  improving 
the  coupling  between  the  cable  sheath  (or 
a spare  conductor)  and  the  cable  conductors 
through  a transformer.  This  device  is 
called  a neutralizing  transformer.  This 
transformer  derives  the  required  power  for 
the  reduction  of  the  longitudinal  voltage 
from  a pilot  wire  of  high  conductivity 
which  is  grounded  at  both  ends  of  the 
protected  telecommunication  system.  The 
pilot  wire  current  (primary  of  the  neutral- 
izing transformer)  induces  a compensating 
voltage  in  the  conductors  of  the  cable. 

This  voltage,  however,  can  never  attain  the 
amplitude  of  the  induced  voltage  because 
of  losses  due  to  the  pilot  wire  resistance 
and  ground  resistance. 

2 . Physical  background 

2 . 1 Generation  of  the  longitudinal  voltage. 
As  already  mentioned  above,  it  is  the  mag- 
netic field,  which  is  generated  e.g.  by  the 
loop  formed  by  the  overhead  wire  and  rail 
return  path  of  electric  railroads,  that  is 
responsible  for  the  voltage  induced  into 
telecommunication  cables.  In  the  case  of 
single-phase  operated  railroads  the  return 
flow  divides  up  into  parts  which  are  con- 
ducted through  the  rails  and  through  the 
ground.  Therefore,  in  the  case  of  telecom- 
munication cables  located,  in  particular, 
in  the  vicinity  of  railroad  stations,  the 


ohmic  interference  will  likewise  beocjme 
effect ive. 
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Fig. 3 Effect  of  interference:  induced 

longitudinal  voltage  in  all  wires 
of  the  cable. 

Both  types  of  interference  cause  induced 
longitudinal  voltage  to  appear  in  the 
conductors  of  the  telecommunication  cable. 
This  voltage  can  be  measured  at  one  end 
of  the  cable  against  local  ground  if  the 
conductor  is  grounded  at  the  other  end. 

The  longitudinal  voltage  is  directly  pro- 
portional to  the  current  of  the  inducing 
system  and  is  also  a function  of  its  fre- 
quency. The  mutual  inductance  (that  is, 
the  transformer  coupling)  between  the 
loop  created  by  the  overhead  wire  and 
ground  on  the  one  hand,  and  the  loop 
created  between  the  telecommunication 
cable  conductor  and  ground,  on  the  other 
hand,  determines  the  amplitude  of  the 
induced  voltage. 

The  amplitude  and  the  phase  of  the  lon- 
gitudinal voltage  are  continuously  vari- 
able as  a function  of  the  inductive  or 
ohmic  components  wliich,  in  turn,  depend 
on  the  current  drawn  by  the  locomotive, 
its  location,  etc. 

2 . 2 Principle  of  operation  of  the  Active 
Reduction  System  (ARS). 

It  is  therefore  not  possible  to  use  a 
yoltaqe  of  predetermined  amplitude  and 
frequency  (such  as,  for  example,  from 
the  supply  system  of  the  overhead  wire) 
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for  the  compensation  of  the  longitudinal 
voltage.  Instead,  one  uses  the  voltage 
which  appears  in  a conductor  pair  of  the 
affected  telecommunication  cable.  This 
pair,  which  is  grounded  at  one  end,  will 
reveal  at  the  other  end  the  induced  lon- 
gitudinal voltage.  This  pair  is  called 
pilot  wire.  The  voltage  which  is  inte- 
grated over  the  whole  length  of  the  cable 
corresponds  to  the  magnitude  and  phase 
of  th^  induced  longitudinal  voltage  in 
all , conductors  of  the  cable. 


3 . Technical  concept  of  the  ARS 


3 . 1 Coupling  transformer 


Fig. 5 coupling  transformer:  core  with 
windings. 


A laminated  core  of  high  permeability  is 
wound  with  about  30  windings  of  a 100-paii; 
plast ic- insulated  telecommunication  cable 
(0.6  mm  dia.  copper  conductors).  This 
cable  makes  up  the  secondary.  The  primary 
winding  consists  of  an  insulated,  stranded 
( 16mm2  cross-section)  copper  conductor. 

The  transformation  ratio  is  1:1  and  the 
laminated  core  has  a precisely  defined 
air  gap  to  eliminate  DC  effects.  The 
windings  are  arranged  in  a way  to  mini- 
mize stray  inductance  so  that  the  effec- 
tive inductivity  in  the  telecommunication 
cable  pairs  is  negligeably  small. 


Fig. 4 ARS  principle 


The  ARS  consists  of  an  amplifier,  a trans 
former  and  a power  supply.  The  amplifier 
is  driven  by  the  pilot  wire.  The  cable  is 
treated  as  the  secondary  winding  of  the 
transformer,  whereas  the  primary  winding 
(an  insulated  copper  conductor)  is  con- 
nected to  tlie  output  of  the  amplifier. 

The  primary  voltage  is  induced  into  the 
conductors  of  the  cable  with  equal  ampli- 
tude but  opposite  phase  as  a compensating 
longitudinal  voltage  to  cancel  the  effect 
of  the  induced  longitudinal  voltage. 


This  principle  is  known  from  the  neutral- 
izing transformer  applications.  However, 
there  is  a difference:  the  power  available 
for  neutralizing  transformers  consists 
merely  of  what  is  induced  into  t)ie  pilot 
wire  with  respect  to  ground.  This  power 
is  not  sufficient  to  cover  the  losses  in 
the  primary  circuit  of  the  transformer 
and  therefore  it  is  not  possible  to  attain 
good  screening  factors. 


With  the  ARS,  these  transformer  losses 
are  compensated  by  a regulated  AC-ampli- 
fier  which  is  energized  by  an  independent 
source,  such  as  a battery.  The  amplifier 
is  designed  to  feed  to  the  coupling  trans 
former  a voltage  of  precise  amplitude 


Fig. 6 coupling  transformer,  complete 
in  housing. 
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The  dimensions  of  the  ARS  were  guided  by 
o simple  foot:  it  is  often  necessary  to 
install  the  ARS  in  the  basements  of  tele- 
communication exchanges  and  these  are 
frequently  old  buildings.  It  was  there- 
fore necessary  to  design  the  coupling 
transformers  so  that  they  may  suitably 
be  carried  down  narrow,  winding  stairs 
by  2 to  3 workers.  A square  housing  with 
a circumferential  grip  design  was  there- 
fore selected.  It  is  made  from  glass- 
fiber  reinforced,  polyester  resin.  Its 
dimensions  at  the  base  are  46  cm  x 46  cm. 
Its  height  is  44  cm  and  it  weighs  about 
170  kg  with  the  transformer.  The  housing 
is  tapered  toward  the  top,  where  the 
length  of  a side  is  about  56  cm.  The 
transformer  is  cast  into  the  housing  with 
plastic  foam. 


Fig. 7 Coupling  transformer  (terminal 
strips  exposed) 

Two  insulated  terminal  boxes  with  extend- 
able terminal  strips  are  attached  to  one 
side  of  the  housing.  The  ends  of  the  100 
pairs  of  the  wound  cable  (i.e.:  the  trans- 
former secondary)  are  soldered  to  terminal 
lugs  and  can  be  solder-connected  to  the 
telecommunication  cable  t)ioy  are  designed 
co  protect.  Tile  cable  sections  are  fed 
into  the  terminal  boxes  through  watertight 
fee i-throughs . The  cables  lead  on  one 
side  to  the  distribution  sleeves  and  on 
the  other  side  to  the  main  distribution 
f r ame . 

A steel  mounting  frame  for  the  power 
supply  and  amplifier  is  located  on  top 
of  the  coupling  transformer.  A short- 
circuit  relay  is  also  located  there  for 
the  purpose  of  short-circuiting  the  pri- 
mary winding  of  the  transformer  in  the 
event  of  amplifier  failure.  This  is  to 
prevent  the  transmission  of  parasitic 
impulses . 
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Fig. 8 Coupling  transformer  with  mounting 
f rame . 

T)io  size  of  the  mounting  frame  is 
52  X 58  X 18  cm.  It  weiahs  about  25  kg. 
This  results  in  a space  requirement  of 
about  0.3m^  area  with  about  62  cm  height. 


Fig. 9 Earlier  generation  ARS  in  operation 
in  Munich. 

The  housing  and  moi'nting  frame  are  de- 
signed so  tliat  three  uni  ts  can  be  stacked 
together  vertically,  as  tlie  required 
overall  height  of  about  2 m is  available 
in  most  basements.  Furthermore,  the  mount 
ing  frame  can  be  offset  by  90°  with  re- 
spect to  the  housing  in  order  to  afford 
convenient  access  to  the  amplifier  and 
power  supply,  irrespective  of  where  the 
equipment  is  located. 


389 


T*" 


3 . 2 Ampl i f ier . 


Fig. 10  ARS  amplifier  of  most  recent 
design. 

The  amplifier  is  a regulated  AC-amplifier 
consisting  of  a preamplifier  and  a power 
amplifier  stage.  The  shape  of  the  mounting 
frame  dictates  that  it  be  L-shaped.  Its 
depth  is  34  cm.  The  power  £t'nplifier  stage 
with  its  60  cm-wide  front  extends  by 
about  20  cm  over  the  coupling  transformer. 
The  weight  of  the  amplifier  is  about  9 kg. 

The  result  of  the  interference  reduction 
is  a differential  voltage  between  the 
original  induced  longitudinal  voltage  and 
the  compensating  voltage  which  is  being 
fed  into  the  cable  through  the  amplifier 
and  coupling  transformer.  This  differential 
voltage  should  always  be  as  close  to  null 
as  possible.  One  recognizes  the  fact  that 
control  of  this  differential  voltage  calls 
for  an  amplifier  design  of  outstanding 
properties.  In  particular,  the  amplifier 
must  have  an  excellent  non-linear  distor- 
tion factor  within  the  16  Hz  to  4 kHz 
range  if  one  is  to  reduce  the  longitudinal 
v'oltage  by  a factor  of  100. 


Fig. 11  ARS  amplifiers  in  production. 


In  order  to  provide  for  rapid  corrective 
action  in  the  case  of  rapid  increases  of 
the  interference  voltage  (i.e.:  short- 
circuit  condition  in  the  interfering  power 
circuit)  it  is  necessary  to  get  fast  regu- 
lation in  the  amplifier,  even  in  the  event 
of  step-by-step  changes  in  the  load.  Fur- 
thermore, the  amplifier  must  be  so  de- 
signed as  to  render  impossible  continuous 
overload  which  would  be  harmful  to  the 
amplifier.  Finally,  the  amplifier  must  be 
protected  from  the  possibility  of  self- 
excitation caused  by  capacitive  coupling 
between  the  cable  pairs  and  the  pilot 
wire,  over  its  whole  operating  range. 

Steps  must  be  taken  to  keep  it  below  the 
critical  phase  shift  which  would  lead  to 
oscillations.  Tlie  fully  transistorized 
amplifier  of  the  ARS,  which  is  designed 
as  a plug-in  unit,  possesses  all  of  these 
characteristics . 

3 . 3 Power  supply. 


Fig.  12  60  VDC  power  supply. 


Fig. 13  ARS  amplifier  with  power  supply 
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The  left-hand  side  of  the  mounting  frame 
provides  the  space  (about  33  cm  deep  and 
20  cm  wide)  for  the  power  supply.  ARS 
installations  in  use  within  the  tele- 
communication system  of  the  German  Post 
Office  Administration  (DBP)  derive  their 
power  from  a standard  60  V battery.  It  is 
of  course  possible  to  design  the  system 
for  use  with  other  power  sources  (for 
example:  28  VDC,  48  VDC,  110  VAC,  etc,). 
The  weight  of  a DC  power  supply  is  about 
3 )cg  and  that  of  an  AC  supply,  for  either 
50  Hz  or  60  Hz,  about  7 )cg. 


3.4  Monitoring  unit. 

In  the  event  of  a continuous  overload 
(for  example:  induced  voltage  50  V at 
16  2/3  Hz) , the  reduced  voltage,  which 
is  continuously  being  monitored  will 
exceed  the  preset  threshold  (for  example: 
3V) . If  this  occurs,  the  protective 
device  can  no  longer  )iandle  the  require- 
ments, causing  the  ARS  to  be  disconnected 
and  an  alarm  to  be  initiated.  The  alarm 
is  also  initiated  in  case  of  failure  of  a 
sub-unit  or  if  the  amplifier  is  switclied 
off  or  removed  from  its  mount. 
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The  monitoring  unit  is  of  plug-in  type 
and  it  measures  36  x 25  x 21  cm.  It  weighs 
about  5 )tg.  The  system  provides  12  empty 
spaces  for  insertion  of  cither  the  pilot 
wire  monitoring  circuit  or  the  alarm  unit. 
Furthermore,  the  monitoring  unit  contains 
multiplexing  circuitry  for  the  pilot  wire. 
There  is  only  one  pilot  wire  per  cable, 
even  in  the  event  wliere  more  than  one 
ARS  system  protects  the  cable.  Each  pilot 
wire  monitor  and  each  ARS  has  its  proper 
alarm  circuit,  which  includes  a visual 
alarm  status  indicator  and  tlie  circuitry 
for  consolidated  remote  monitoring. 


Fig. 14  Monitoring  unit  (PC  boards 
removed) . 


The  monitoring  unit  also  contains  a 
monitoring  circuit  for  the  pilot  wire, 
since  a brcalt  of  the  pilot  wire  would 
lead  to  wrong  voltages  being  fed  to  the 
amplifier.  A pilot  wire  brea)^  will  there 
fore  result  in  an  alarm. 


The  ARS  system  described  herein  has  the  follow'nq  electrical  characteristics: 


4 . 1 Transformer . 

The  transformer  must  be  considered  as  a cable,  since  it  is  built  into  a cable.  The  des- 
cribed version  is  stranded  in  star  quads.  Stranding  in  pairs  is,  of  course,  possible. 


4.1.1  LOOP  resistance,  DC  measured: 


6 ohms 


4.1.2  Mutual  capacitance  ( f « 800  Hz ) ; 


4.1.3  Capacitance  unbalances: 


pair  - to  - pair: 


pair  - to  - ground: 

4.1.4  Attenuation  (f  • 800  Hz): 

4.1.5  Dielectric  strength  (f  =■  50  Hz,  t = 2 min.); 


secondary  winding: 


conductor-to-conductor : 


conduc tor-to-shield: 


222  pF 


0.07  dB 


primary  - to  - secondary: 


500  V rms 


2,000  V rms 
2,000  V rms 


primary  - to  - control  winding: 


2 , 000  V rms 


4.1.6  Screening  factor  (passive),  16  2/3  Hz  ? 35  V rms:  0.015 


4 . 2  Amplifier  and  power  supply. 

The  German  Posts  and  Telecoiimunication  Administration  (DEP)  specifies  60  VDC.  If  AC 
were  to  be  used,  220  VAC  (50  or  60  Hz)  would  be  specified. 


Operation  (nominal) 
at  60  VDC: 


Operation  (nominal) 
at  220  VAC: 


4.2.1  Power  supply  voltage; 


54  to  72  VDC 


200  to  240  VAC 


4.2.2  power  supply  current  (max.); 


4.2.3  Output  voltage  (max.): 


35  V rms 


35  V rms 


4.2.4  power  consumption  (min.) 


(max. ) : 


380  VA 


4.2.5  Temperature  range; 


0 to  40°  C 


0 to  40  C 


4 . 3 Overall  characteristics  of  the  ARS. 

The  data  shown  are  valid  for  the  very  low  frequency  of  16  2/3  Hz.  More  favorable  figures 
are  obtained  with  the  described  system,  using  higher  frequencies. 


4.3.1  Maximum  reducing  voltage  ( f = 16  2/3  Hz): 


35  V rms 


4.3.2  Screening  factor  (i3  16  2/3  Hz,  35  V rms): 
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4.3.3  Screening  factor  for  psophomctr 1- 
callv  weighted  longitudinal  voltage 
within  the  frequency  range  up  to 

4 hHz;  0.025 

4.4.4  Permissible  total  DC 

current  load;  3 A 


5.  Experience  with  the  ARS 
5 . 1 Large-scale  use  by  the  DBP. 


Fig. 17  ARS  of  most  recent  design,  in 
operation  at  the  DBP. 

In  connection  witl  the  1972  Munich  Olym- 
pics the  DEP  conducted  an  experiment  with 
about  380  ARS  systems  over  a period  of 
several  years.  For  reasons  already  men- 
tioned, these  systems  were  designed  for 
operation  at  60  VDC,  for  100  pairs  and 
.or  35  V(@i  16  2/3  Hz)  max. induced  voltage. 
In  addition,  several  units  were  fabricated 


Fig. 18  Rapid  transit  motor  car  at 


Essen  railroad  station. 


for  use  at  220  VAC,  50  pairs  and  70  V 
(a  16  2/3  Hz)  max.  induced  voltage.  The 
latter  units  were  for  mobile  use. 

The  requirement  for  the  ARS  arose  because 
the  German  Railroads  built  a new  urban 
rapid  transit  system  for  the  Oliinpics . This 
system  (S-Train)  operates  on  15  V-Vnc  with 
a frequency  of  16  2/3  Hz.  For  the  oper- 
ation of  the  S-Train,  120  thyristor-con- 
trolled AC-motor  cars  of  the  most  modern 
design  were  implemented.  These  motor  cars 
require  about  3 to  4 times  the  current  of 
conventional  locomotives  during  the  ac- 
celeration phase  . Furthermore,  harmonic 
currents  of  substantial  amplitude  occur 
with  this  thyristor  control.  These  are 
the  source  of  parasitic  voltages  whose 
magnitude  is  a factor  of  20  to  30  times 
greater  than  the  signals  generated  by  con- 
ventional motor  cars  which  use  amplitude 
control  and  single-phase  collector  motors. 

The  good  experience  made  with  the  ARS  by 
the  DBP  over  the  past  few  years  during 
this  experiment  have  led  to  further  use  of 
the  ARS,  for  instance,  in  areas  of  heavy 
S-Train  concentration  (Frankfurt,  Stutt- 
gart, Ruhr  region.  Etc.).  Today,  the  ARS 
is  in  use  in  the  whole  territory  of  the 
German  Federal  Republic  with  about  500 
systems  in  service. 


Pig.  19  ARS  in  operation  at  the  DBP. 
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The  DBP  uses  the  ARS  only  in  existing  tele- 
communication cables  which  are  subject  to 
interference  by  new  interference  sources, 
rather  than  to  incur  the  additional  expense 
and  technical  problem  of  replacing  these 
cables  by  new  cables  with  improved  screen- 
ing factor.  Furthermore,  the  ARS  can  be 
used  not  only  against  interference  from 
railroads  but  also  against  continuous 
interference  from  high-voltage  transmis- 
sion lines.  This  is  especially  the  case 
where  the  telecommunication  cables  are 
laid  parallel  to  high-voltage  transmission 
lines . 

5 . 2 Assembly  .aiid  installation. 

The  use  of  a pilot  wire  for  the  capture  of 
the  parasitic  voltage  permits  the  selec- 
tion of  the  location  of  the  ARS  irrespec- 
tive of  the  location  of  the  interference 
source.  For  this  reason  the  location  of 
the  ARS  is  considered  most  suitable  in 
the  basement  of  telecommunication  ex- 
changes. This  permits  the  units  to  be 
designed  for  indoor  operation  and  the 
hitherto  heavy,  sealed,  cast-metal  hous- 
ings of  the  reducing  transformers  could 
be  exchanged  for  lighter  plastic  housings. 
Indoor  cables  (100-pairs)  can  be  routed 
from  the  distribution  sleeve  directly  to 
the  apparatus  located  in  the  same  room 
and  from  there  to  the  main  distribution 
frame . 


Fig. 20  Early-generation  ARS  installation 
(terminal  strips  exposed). 

There  is  no  problem  in  assembly  but  it  is 
recommended  that  this  be  performed  by 
skilled  technicians  to  prevent  mistakes 


that  could  affect  the  good  working  order 
of  the  equipment.  The  Munich  experiment 
has  shown  that  unskilled  personnel  made 
mistakes  which  required  considerable  ex- 
penditure to  correct.  To  detect  gross 
errors  during  assembly,  the  ARS  is  now 
equipped  with  a pilot  monitor  and  an 
automatic  quick-disconnect . 

In  order  to  provide  for  uninterrupted 
service,  the  power  supply  is  connected 
to  a battery.  The  battery  must  be  proper- 
ly designed,  since  each  unit  draws  an 
average  of  2 to  3 A. 

If  several  ARS  units  are  connected  in 
parallel  on  one  cable,  experience  has 
shown  that  one  pilot  wire  is  adequate 
for  up  to  500  pairs.  If  more  pairs  are 
to  be  protected  in  one  cable,  two  pilot 
wire  groups  should  be  used. 

The  DBP  has  also  successfully  investi- 
gated the  use  of  connectors  (50  pairs) 
between  the  ARS  and  the  cables.  This 
special  design  is  reserved  for  mobile 
use,  since  it  is  not  customary  for  the 
units  to  be  disconnected  from  the  cables. 

In  the  event  where  cables  are  subjected 
to  continuous  longitudinal  voltages  in 
excess  of  35  V at  16  2/3  Hz,  these  can 
be  reduced  to  acceptable  values  by 
connecting  two  ARS  systems  in  series. 

Such  an  arrangement  is  in  actual  use 
by  the  DBP  and  experience  has  shown  that 
it  is  good  practice  to  connect  the  two 
devices  to  the  same  end  of  the  cable. 


Fig. 21  ARS  installation  in  Duesseldorf 
(terminal  strips  exposed). 


5 . 3 Operational  experience. 

As  already  mentioned,  there  are  currently 
about  500  ARS  systems  in  operational  use 
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with  the  DBP.  The  broadb^tnd  amplifier 
reduces  the  fundamental  frequency,  thus 
eliminating  operational  disturbances.  It 
also  reduces  harmonics  which  are  noise 
sources  affiliated,  in  particular,  with 
thyristor-controlled  traction. 


designed  for  60  Uz  (or,  alternately,  the 
reducing  voltage  could  be  increased  by 
a corresponding  amount) . The  same  reason- 
ing also  liolds  true  if  0.4  n\m  conductors 
ratl^or  than  0.6  mm  conductors  were  used 
for  the  windings. 


These  noise  voltages  are  diminished  by 
the  ARS,  by  preventing  their  build-up 
along  dissiinmetr ies  of  the  terminals.  T)ie 
ARS  does  not  improve  the  terminal  s^-m- 
metry  and  neither  is  it  effective  against 
noise  voltages  caused  by  poor  cable 
symmetry.  This  protective  measure  does 
not  reduce  existing  noise  but  it  rather 
serves  to  prevent  the  generation  and 
build-up  of  noise  in  the  switching  system. 

It  has  been  shown  t)iat  the  expected  re- 
duction of  longitudinal  voltages  within 
the  range  of  16  Hz  to  3.4  l<Hz  can  be 
obtained  with  the  ARS.  The  ARS  does  not 
in  any  way  affect  t)ic  cliaracter ist ics  of 
the  cable.  The  failure  rate  is  extremely 
small,  given  proper  design  and  instal- 
lation. 

The  good  experience  made  with  tlie  ARS 
has  motivated  the  DBP  and  the  German 
Railroads  to  retrofit  the  ARS  into  ex- 
isting telecommunication  networks,  when 
faced  with  new  interference  sources.  Tliis 
is  considered  more  efficient  and  economi- 
cal rather  than  to  attempt  correcting  Uie 
problem  at  the  interference  source. 


6.  Further  developments  and 
new  applications 

The  present  ARS  generation  is  the  result 
of  customary  practice  dictated  by  the 
German  Post  Office  Adiminstration.  The 
Post  Office  specifications  are  mainly 
based  on  requirements  for  the  local  tele- 
communication system  o.  Municii,  since  a 
portion  of  that  network  was  severely  dis- 
turbed in  1972,  rendering  impossible 
proper  telepiione  communications. 

Results  obtained  to  date  show  that  tlie 
system  presents  t)ie  proper  teciinical 
solution  to  the  problem.  It  is,  liowever, 
possible  to  start  designing  a system 
based  on  different  parameters  than  those 
used  in  Germany. 


Fig. 22  ARS  amplifier  with  power  supply 
during  inspection. 

T)ie  amplifier  lends  itself  to  be  adapted 
to  any  suitable  AC-  or  DC-source.  The 
amplifier  and  power  supply  could  also  be 
centrally  located  on  a rack,  as  specified 
by  another  customer. 


V ? 


Fig.  23  Group  of  ARS  amplifiers  in 
proposed  centrally- located 
stacked  layotit  (conceptual 
design) . 


As  a result  of  the  relatively  low  fre- 
qtiency  requirement  of  16  2/3  Hz  t)ie  trans- 
former is  rather  bulky  and  it  could  be 
considerably  reduced  if  it  were  to  bo 


If  t)ie  parasitic  interference  is  wit)>in 
tlie  audio  frequency  range  (i.e.:  )iarmo- 
nic  generation  by  rectifiers  of  De- 
traction railroads  or  c)iopper-controllod 
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vehicles),  the  transformer  could  be  re- 
placed by  the  transforming  property  of 
the  cable  sheath  which  must  be  insulated 
from  ground,  as  is  the  case  in  instal- 
lations using  welded,  corrugated  steel 
sheath  design  (Wellmantel) . The  amplifier 
output  increases  with  decreasing  fre- 
quency. Tests  have  shown  that  the  available 
ARS-amplifier  can  be  successfully  used 
within  the  frequency  range  starting  at 
300  Hz.  A cable  length  of  500  m is  already 
sufficient  for  the  reduction  of  induced 
longitudinal  voltages  amounting  to  several 
volts. 


Fig. 24  ANFS  in  operation. 

This  particular  system  is  called  the 
"Active  Noise  Frequency  System"  (ANFS) 
and  a few  units  have  been  in  successful 
experimentation  for  a period  of  some 
years.  It  is  installed  for  noise  reduction 
in  secondary  networks  which  are  spread  out 
over  large  areas  (industrial  applications). 

These  few  examples  show  that  it  is  possible 
to  design  an  Active  Reduction  System  for 
virtually  any  requirement  which  calls  for 
the  elimination  of  induced  longitudinal 
voltages.  It  is  necessary,  however,  that 
the  design  of  the  ARS  take  into  consider- 
ation the  bandwidth  and  the  level  of  the 
interference  voltage.  Also,  transverse 
voltages  v/hich  may  be  caused  by  unsvTn- 
metrical  design  of  the  terminal  network 
may  be  a source  of  noise  and  these,  too, 
can  be  reduced  by  the  ARS. 

It  is  not  uncommon  today  to  find  many 
countries  where  telecommunication  lines 
are  laid  out  parallel  to  power  trans- 


mission lines.  Continuous  interference 
may  therefore  be  expected  if  the  power 
line  is  subject  to  load  unbalances  or 
if  the  telecommunication  cables  are  not 
laid  out  symmetrically  with  respect  to 
the  power  line  phase  cables.  The  ARS 
system  can  also  be  used  beneficially  in 
this  kind  of  environment. 
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CROSSJALK  .^lAJ.I  ON 

CAULKS  FOR  PCM  I’SK 


K.  Hauscliililt 


Phillips  Cables  Limited 
Brockv i 1 le , Canada 


Crosstalk  requirements  for  communication 
cables  intended  for  PCM  carrier  systems  are  usually 
stated  in  terms  of  limitations  on  tlie  mean  and 
standard  deviation  of  pair-to-pair  crosstalk 
measurements  performed  at  a single  frequency. 
Assuming  independent,  normally  distributed  measure- 
ments allows  an  analytical  computation  of  the  total 
interfering  power  and  the  subsequent  translation  of 
system  error  rate  objectives  into  bounds  for  the 
statistics  of  individual  crosstalk  values.  By  means 
of  extensive  measurements  at  772  kHz  and  1.376 
on  a variety  of  cable  types,  the  unreliability  of 
current  crosstalk  criteria  as  derived  by  the 
preceding  method  is  demonstrated.  Traditional 
assumptions  about  crosstalk  values  are  examined. 
Alternative  methods  of  treating  crosstalk  data  are 
discussed,  and  a superior  procedure  for  evaluating 
crosstalk  performance  is  developed.  This  is  then 
applied  to  c.ible  acceptance  testing  and  system 
design  using  a set  of  graphs  and  tables  tliat 
utilize  statistics  readily  obtained  from  pair-to- 
pair  single  frequency  crosstalk  measurements. 
Comprehensive  tables  of  cable  measurements  and 
derived  statistics  are  included  to  provide  reference 
data  for  representative  paired  cable  designs. 


1 . Introduction 

A prime  source  of  interference  in  paired 
communication  cables  is  crosstalk.  In  the  design 
of  PCM  carrier  systems,  the  crosstalk  power  coupled 
into  a transmission  line  is  a factor  limiting  the 
repeater  span  length,  the  number  of  pairs  assigned 
to  PCM  usage,  or  both.  The  need  for  a reliable 
criterion  to  gauge  the  crosstalk  performance  of  a 
cable  becomes  evident. 

Instead  of  directly  applicable  digital  cross- 
talk or  error  rate  measurements,  single  frequency 
sinusoidal  signals  at  the  Nyqulst  frequency  are 
usually  employed  to  measure  a pair's  crosstalk 
susceptibility.  Simple  statistics  (e.g.  mean, 
standard  deviation)  of  these  measurements  are  then 
used  to  judge  rlie  cable's  suitability  for  T-carrier 
systems.  Requirements  for  these  statistics  have 
traditionally  been  derived  from  system  error  rate 
objectives  assuming  Independent,  normally  distributed 
measurements. This  assumption  allows  an 
analytical  computation  of  the  total  Interfering 
power  and  the  subsequent  translation  of  error  rate 
specifications  into  a cable  crosstalk  criterion. 


Several  areas  of  research  into  improved 
crosstalk  characterization  of  cables  in  digital 
systems  are  Irimediately  evident:  the  validity  of 
using  single  frequency  sinusoidal  signals  to  des- 
cribe disturbances  in  a pulse  system;  the  accuracy 
of  analytically  summing  individual  crosstalk  values 
to  quantify  the  actual  total  Interfering  power;  the 
effects  of  the  measurement  technique  (equipment 
sensitivity,  shielding  problems,  terminations)  on 
the  obtained  values;  the  validity  of  length  and 
f requency  correct  ions . 

This  paper  essentially  restricts  itself  to  a 
data  processing  problem.  It  is  assumed  that 
accurate  single  frequency,  pnir-to-pair  crosstalk 
measurements  are  available  on  either  a 100"  testing 
or  a representative  sampling  basis.  It  is  lurcher 
assumed  that  the  limits  on  the  power  sum  of  these 
interfering  sources  as  derived  from  error  rate 
considerations  arc  developed  satisfactorily  In  the 
literature.  Only  the  intermediate  step  of  trans- 
forming the  individual  measurements  or  some  simple 
statistics  characteristic  of  them  into  a value 
quantifying  the  worst  case  of  total  interfering 
power  encountered  is  examined. 

For  small  cables  where  100'  testing  is 
feasible,  and  especially  where  this  testing  is 
done  on  some  kind  of  automatic  test  set  with  direct 
.icccss  to  a computing  facility,  actual  pi^wer  sums 
can  be  calculated,  the  worst  c.ise  identified  and 
then  compared  with  a requirement  for  maximum  inter- 
fering power.  For  larger  pair  count  cables,  whert 
only  sampled  data  is  available,  it  is  necessary  to 
make  certain  assumptions  about  the  nature  of  the 
statistical  distribution  of  tlie  individual  cross- 
talk measurements.  This  usually  takes  the  form  of 
variou.  normality  assumptions,  both  to  facilitate 
summing  operations  and  to  describe  percentiles  of 
th^’  sum  in  terms  of  its  mean  and  standard  deviation. 

More  complicated  formulae  are  derived  by 
considering  the  crosstalk  measurements  to  have  a 
truncated  normal  distribution.^  By  means  of  data 
from  100%  tested  cables  (which  enables  calculation 
of  the  actual  power  sums),  the  truncated  normal 
method  will  be  demonstrated  to  be  less  inaccurate 
then  the  others,  but  still  to  have  an  unnecessarily 
pessimistic  bias.  The  method  will  be  refined  by 
allowing  a variable  truncation  factor  for  the 
distribution  of  the  crosstalk  measurements.  Its 
precise  value  dependent  upon  the  nature  of  the  data 
set.  After  proving  the  superiority  of  the  new 


398 


method  using  the  completely  tested  cables,  it  will 
be  applied  to  partially  sampled  large  pair  count 
cables  to  demonstrate  its  use  in  cable  acceptance 
testing  and  carrier  system  design. 

2,  Measurements 


All  measurements  were  made  manually  using  a 
Siemens  Pegelsender  W2007  and  a Siemens  Pegelmesser 
D2007  as  oscillator  and  level  meter,  respectively. 
Only  the  two  pairs  under  test  were  terminated  in 
their  characteristic  impedances,  and  llOi^  pure 
resistances  were  found  to  be  a good  approximation 
to  the  expected  impedances  of  the  pairs  at  the 
carrier  frequencies.  All  pairs  not  under  test  were 
left  floating,  as  was  the  internal  screen  in  the 
case  of  cables  with  separately  shielded  compart- 
ments. To  facilitate  switching  between  test  pairs, 
all  pairs  were  fanned  out  and  connected  to  a 
specially  designed  board  which  provided  at  least 
120  dB  isolation  between  test  circuits  at  the 
frequencies  involved  (772  kHz,  1.576  MHz). 

3 . Terminology  and  Equations 

The  following  terminology  will  be  adhered  to 
throughout  this  paper: 


NE.XT 

FEXT 

ELFEXT 

a 

jt 

log 

exp 


near-end  crosstalk  loss  in  dB 

input-output  crosstalk  loss  in  dB 

equal  level  far-end  crosstalk  loss  in  dB 

attenuation  in  dB 

attenuation  in  nepers 

logarithm  (base  10)  function 

exponential  (natural)  function 


The  terms  "crosstalk”  and  "crosstalk  loss"  will 
be  used  interchangeably  and  will  always  be  stated 
in  positivp  dB. 


ELFEXT  (Lj)  » ELFEXT  (L^)  - 20  log  (Lj/Lo)  (5) 

It  is  important  to  note  here  that  the  type  of 
length  correction  used  has  no  bearing  at  all  on 
the  conclusions  reached  in  this  paper  or  on  the 
analysis  on  which  these  are  based.  The  problem  of 
converting  individual  pair-to-pair  crosstalk  values 
to  crosstalk  power  sums  is  independent  of  the 
problem  of  the  validity  of  the  length  corrections. 
Furthermore,  in  the  case  of  the  linear  length 
correction  functions  described  above,  all  the 
statistical  operators  described  below  can  be  applied 
to  original  measurements,  with  any  desired  length 
corrections  being  executed  subsequently.  It  Is 
only  for  the  sake  of  comparison  and  reference  that 
figures  are  quoted  for  fixed  lengths  (usually  7800 
feet  or  1000  feet). 

Denoting  individual  crosstalk  measurements  by 
Xj^i  (from  i^^  circuit  into  circuit),  the 
following  statistical  quantities  are  defined  for 


n pair  combinations 

average  crosstalk 

X = Xij/n 

(6) 

crosstalk  standard 

s = (f  j (Xij  - X)2/ 

(n-l))l/2 

(7) 

deviation 

rms  crosstalk  ^ms  ~ ^i^‘  (8) 

/n) 

IX  worse  than  l/'V.'T  = X - 2.33s  (9) 

(1  percentile) 

minimum  crosstalk  X,_^_  = lowest  measured  value. 


The  following  length  correction  formulae  will 
be  used  to  relate  crosstalk  values  at  different 


lengths,  I.J, 

and  L^ : 

ELFEXT  (Lj) 

= ELFEXT  (Lp)  - 10 

log  (Lj/Lq) 

(1) 

FEXT  (Lj)  = 

FEXT  (Lq)  - 10  log 
a (ip  - a (L^) 

(L^/Lq)  + 

(2) 

NEXT  (Lj)  = 

NEXT  (Lp)  - 10  log 

1(1  - exp 

(3) 

(-Au  L^))/(l  - exp 

(-Aa  Lq))] 

Also, 

ELFEXT  (L) 

= FEXT  (L)  - a (1.) 

It  is  seen  that  the  length  corrections  are 
done  on  a power  basis,  corresponding  to  random 
coupling  with  length,  an  assumption  generally  made 
at  the  lengths  under  consideration  (>  1000  ft.). 

For  a few  of  the  cables  (PCM  terminating  cables) 
where  shorter  lengths  were  measured,  the  length 
corrections  were  done  on  a systematic  coupling 
basis : 

NEXT  (L^)  = NEXT  (L^)  - 20  log  (Lj/L^)  (4) 


Where  100/=  testing  is  done,  actual  power  sums 
can  be  calculated  as  below  (N  * no.  of  circuits): 

N 

i^^  power  sum  P-  = -10  log  10  (10) 

j^i 

average  power  ^ ^ (11) 

sum 

power  sum  Sp  = ( ^ (Pi-P)^/(N-1 ) )^^^  (12) 

standard 

deviation 

The  formula  (9)  for  the  1st  percentile  (l^WT) 
assumes  a normal  distribution.  Since  actual  cross- 
talk data  usually  admits  of  a slightly  positively 
skewed  distribution,  the  formula  will  tend  to 
estimate  high.  However,  this  statistic  of  the 
individual  measurements  is  not  used  in  any  analysis. 
More  importantly,  the  1%WT  value  of  the  power  sums 
(=  P - 2.33  Sp)  is  an  integral  part  of  the  deriva- 
tion of  crosstalk  requirements.  All  indications 
are,  though,  that  the  power  sum,  being  the  sum  of 
a large  number  of  random  variables,  behaves 
essentially  normally,  and  no  appreciable  error  is 
incurred  using  the  above  formula. 
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H . Data  Base 

To  provide  a workable  data  base  to  test 
theories  about  crosstalk  power  sums  and  develop 
more  reliable  methods  of  estimating  them,  a 
number  of  cables  were  measured  completely.  Tables 
7-11  in  Appendix  2 list  all  relevant  statistics  of 
the  measurements.  The  following  notation  is  used: 

Cable  Types 

FTC:  Filled  Twin  Core  - solid  polyethylene 

insulation,  filled  core,  internal  D- 
shield  surrounding  half  the  core,  overall 
Alpet.i  sheath. 

FTCAL:  Filled  Twin  Core  (Aluminum)  - aluminum 

conductors , cellular  polyethylene 
insulation,  internal  D-shield  surrounding 
half  the  core,  filled  core,  overall  Alpeth 
sheath . 

TERM:  PCM  Terminating  Cable  - pairs  individually 

screened  with  either  a braided  or  an 
aluminum  foil  shield,  individually 
jacketed  and  assembled  under  a common 
sheath. 

Type  of  Crosst iU k 


(ill)  For  a furtiier  explanation  of  BASU,  BOSU  and 
WSU,  reference  should  be  made  to  Appendix  1 
which  describes  the  core  structures  of  the 
test  cables. 

Statistics 

X median  or  50th  percentile  of  the  distribution 

below  mean  standard  deviation 
s below  median  standard  deviation 

^'min*  niiriinium  calculated  power  sura. 

The  below  mean  (or  median)  standard  deviation 
is  obtained  by  assuming  a perfectly  sNTnmetric 
distribution  whose  segment  below  the  mean  (or 
median)  is  identical  to  that  of  the  actual 
distribution.  Since  the  power  sum  is  determined 
primarily  by  the  low  crosstalk  values,  some 
references  prefer  using  a below  mean  deviation  to 
the  true  deviation. 

It  should  be  emphasized  that  Pniin*  minimum 

calculated  power  sum,  actually  represents  the 
worst  case,  i.e.,  the  maximum  total  interfering 
power,  because  of  the  sign  convention  for  crosstalk 
values  chosen  in  Section  3. 


N772:  NEXT  at  772  kHz,  corrected  to  infinite 

length . 

F1576:  FEXT  (Input-Output)  at  1.576  MIz,  in  dli/ 

7800  feet. 

Pair  Location 

U'St:  within  sub-unit 

BASU:  between  adjacent  sub-units 


For  NEXT  measurements,  two  sets  of  power  sums 
(their  minima  are  denoted  by  (1)> 

are  obtained  for  each  set  of  crosstalk  values. 
Depending  upon  what  unit  is  considered  the  disturb- 
ed or  disturbing  one,  different  power  sums  are 
calculated,  wliile  the  set  of  crosstalk  measurements 
remains  the  same  due  to  the  reciprocal  nature  of 
the  coupling. 


5. 


Evaluation  of  Traditional  Crosstalk 
Requ irements 


BOSU:  between  opposite  sub-units 

ALL:  all  possible  pair  combinations 

1/S  I):  inside  of  the  internal  I)-shleld  in  the 

Twin  Core  cables 

O/S  D:  outside  of  the  internal  D-shicld  in  tlie 

Twin  Cure  cables 


In  this  section  we  examine  some  previously 
published  crosstalk  requirements  that  are  often 
quoted  in  cable  specifications.  The  derivation 
of  the  actual  requirements  will  not  be  questioned; 
only  the  assumptions  made  about  the  total  inter- 
fering power  will  be  scrutinized  and  compared  with 
the  measured  total  power. 

5.1  Cravis  and  Crater^ 


IE:  measured  from  the  inside  end  of  the  cable 

reel 

OE:  measured  from  the  outside  end  of  the 

cable  reel. 


The  authors  develop  engineering  equations  for 
the  design  of  repeatered  lines  in  Tl  carrier 
systems  (772  kHz) : 

NEXT:  X - s 68  + 10  log  n (13) 


N^  t e s : 

(1)  For  Twin  Core  cables,  only  pair  combinations 
with  one  pair  on  each  side  of  the  Internal 
D-shield  are  tested  for  NEXT,  and  combinations 
with  both  pairs  on  the  same  side  of  the  D- 
shield  are  considered  for  FEXT. 

(ii)  For  the  terminating  cables,  all  possible 

combinations  within  the  cable  arc  measured 
for  both  FEXT  and  NEXT. 


ELFEXT: 

X > 

21  + + 2.J3  s„ 

(14) 

where : 

+ 

log 

n - 

(n^  exp  (h^  s^)/(exp  (h^  s'") 

1)1 

(15) 

Sn  “ 6. 

,593 

|loR  (oxp  (h^  s^)  + n - 1) 

('(0 

h » 1/10  log  e 
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e * base  of  natural  logarithms 
n * number  of  interfering  systems. 

Equation  (13)  assumes  a 32.5  dB  repeater  sec- 
tion loss,  and  includes  a 9.5  dB  safety  margin  for 
incomplete  knowledge  of  crosstalK  data.  It  also 
assumes  that  the  uveiage  power  sum  of  n NEXT 
values  is  ® \ - s - 34  - 10  log  n,  its  standard 

deviation  is  3.2  dB,  and  hence  its  1%WT  value  is 
given  by 

1%WT  = X - s - 41.5  - 10  log  n (17) 


"peak  and  bulk"  method,  he  approximates  the  first 
percentile  of  the  total  interfering  power  by 

V/M\  = m - [10  loE  (n-1)  + 0.115  i © [F'*  (18) 

I' 

(0.01/n)  sj 

where : 

m = median  of  the  individual  crosstalk  values 

F ^ = inverse  of  the  normal  probability  distribu- 

tion function,  and 


The  following  table  compares  the  margin  by 
which  the  measured  NEXT  values  exceed  the  require- 
ment (13)  with  the  margin  by  which  the  measured 
minimum  NEXT  power  sum  exceeds  the  assumed  power 
sum  (17)  used  in  obtaining  that  requirement. 


Table  1:  Evaluation  of  Gravis  and  Crater  NEXT 
Requirement  at  772  kHz 
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23.3 
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.2 
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36.0 
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' 26/22 
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(u; 
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77.5 

13.6 

37.4 

23.8 

n.6 
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26(22 
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tor) 
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80.0 

15.6 

37.9 

22.1  ! 
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80.8 

38.7 

23.1  1 
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FlC 
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81.0 

15.6 

38.9 

73.3  1 
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FTC 

93.9 

8:.i 

K.3 

91.3 

27.0 
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81.2 

19.3 

26.1  1 

2um 

nc 

97.1 

82.5 

18.0 

38.0 

20.0  * 

97.1 

. 

82.  i 

18.0 
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The  final  column  indicates  that  on  the  average, 
the  minimum  measured  power  sum  exceeds  the  1%WT 
power  sum  calculated  from  assumptions  in  Cravis  and 
Crater  by  19. B dB  more  than  the  margin  by  which  the 
NEXT  X-s  requirement  is  met.  Even  when  the  9.5  dB 
safety  factor  is  omitted  from  (13),  in  17  of  the  18 
cases  in  Table  1 the  requirement  (13)  is  seen  to  be 
overly  pessimistic. 

The  ELFEXT  Imitations  incorporated  in 
equations  (14)  - .(16)  are  usually  displayed  graph- 
ically. They  are  derived  assuming  that  individual 
crosstalk  readings  in  dB  are  distributed  normally 
and  that  the  resulting  power  sum  (in  dB)  of  n 
interfering  sources  is  distributed  normally.  This 
is  similar  to  the  procedure  followed  by  Murthy^, 
and  a detailed  examination  of  the  validity  of  these 
assumptions  is  made  in  Section  3.3. 

2 

5.2  Jacobsen 

Jacobsen  derives  crosstalk  limits  for  low 
capacity  PCM  systems  uslAg  slightly  more  compli- 
cated formulae.  For  NEXT,  using  what  he  calls  a 


© denotes  addition  on  a power  basis. 

P 

A similar  method  is  applied  for  the  FEXT 
values,  except  that  the  "bulk"  and  "peak" 
contributions  are  added  on  a voltage  basis,  and 
special  allowances  are  made  for  sample  size. 

Again,  the  results  are  best  presented  graphically 
and  reference  should  be  made  to  the  original  paper 
for  details'^. 

Table  2 summarizes  the  accuracy  of  the 
approximation  to  the  power  sums  made  by  Jacobsen. 

Table  2;  Evaluation  of  Jacobsen  Crosstalk 
Requirements  at  772  kHz 
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77.5 
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68.7 

57.6 

-11.1 
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65.9 

-n.i 

80.0 

68.9 

-n.i 

74.7 

65.2 

- 9.5 

80.8 

63.9 

-11.9 

26/22  nc 

81.0 

68.1 

-12.9 

70.7 

6C.1 

-10.6 

62.2 

68.1 

-19.1 

82.1 

66.1 

-16.0 

71.1 

61.2 

- 9.9 

61.2 

66.1 

-15.1 

26/22  nr 

82. S 

71.9 

-10.6 

66.1 

61.6 

- 4.5 

82.3 

71.9 

•10.4 

66.3 

64.1 

J 

Again,  it  is  seen  that  the  approximations  used 
in  the  derivation  of  the  formulae  are  unduly 
conservative,  especially  when  considering  the 
recommendation  that  further  safety  margins  of  6 dB 
or  more  are  tacked  onto  the  requirements  solely  to 
account  for  lack  of  complete  knowledge  of  cross- 
talk behaviour. 

5,3  Murthy^ 

In  formulating  crosstalk  loss  requirements 
for  PCM  systems  that  are  applicable  to  both  Tl  and 
TIC,  Murthy  assumes  normally  distributed  crosstalk 
values  in  calculating  their  power  sums  and  first 
percentiles  of  these  sums: 
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IZWT 


2.33  s, 


where : 

1%WT  = ist  percentile  of  the  power  sum  distribu- 
tion (either  NEXT  or  FEXT) 

X = crosstalk  mean  (NEXT  or  FEXT) 

n = number  of  interfering  circuits 

and  are  defined  by  (15),  (lb). 

Although  further  refinements  to  account  lor 
items  like  different  pulse  shapes  are  included  in 
the  overall  method.  Table  12  in  Appendix  3 (under 
"Normal  XT  Dist.")  sliows  that  a consistent  bias  is 
introduced  in  the  power  sum  approximation  alone. 

5.-^*  Bradley^ 

Bradley  considers  crosstalk  effects  in  48 
channel  PCM  systems  (TlC).  Again,  the  critical 
assumption  is  that  the  individual  crosstalk  values 
in  dB  are  distributed  essentially  normally,  with 
the  improvement  of  adding  a truncation  factor  c. 
This  effectively  restricts  crosstalk  values  to  the 
range  (X  - cs,  X + cs) . The  first  percentile  of 


tin*  ptjwer  sum  distribution  is  now  given  by 

r.WT  = X - a'„  - 2.33  s'^  (20) 

where : 

a'j^  = 5 log  [T(s)^  n^  exp  (h^s^)  + n-1)/  (21) 

(U  exp  (h^s^)  + n-1) j 

s’j,  = 6.593  [log  (U  exp  (h^s^)  + n-1)  (22) 

- log  n]l''2 

U = T (2s)/T‘  (s)  (23) 

T(s)  = It  (c-hs)  - J(-c-hs))/[,‘(c)  - 4(-c))  (24) 


^ is  the  normalprobabil ity  distribution 
function,  and  h,  n,  X and  s are  as  defined  earlier. 

A truncation  factor  of  c = 3.5  (i.e.,  ail 
crosstalk  values  fall  within  3.5  standard  deviations 
of  the  mean)  is  usually  selected.  Table  12,  under 
"Truncated  XT  Dist.",  lists  the  results  of  the 
1%WT  power  sum  calculated  under  this  assumption. 

A marked  improvement  over  similar  computations 
using  non-truncated  normal  distributions  for  the 
crosstalk  is  evident;  however,  an  unnecessary  bias 
towards  lower  than  actually  recorded  values  is 
still  present. 

^ • Dev P 1 opment  of  C rosstalk  Model 

The  preceding  section  has  shown  that  the 
process  of  predicting  the  power  sum  (and  its  first 
percentile)  of  the  individual  interferences  from 
statistics  of  the  distribution  of  the  pair-to-pair 
crosstalk  values  Introduces  a significant  error 
into  the  derivation  of  crosstalk  requirements. 


Furthermore,  this  error  Is  not  random,  but  Induces 
consistcMU  underestimates  of  the  1%WT  power  sum 
value,  in  some  cases  by  as  much  as  13  dB.  A 
necessary  assumption  in  this  analysis  has  been  the 
nature  of  the  distribution  function  of  the  cross- 
talk measurements.  Normal  distributions  have 
traditionally  been  used,  with  the  addition  of  a 
truncation  factor  proving  beneficial.  An  improved 
characterization  of  the  crosstalk  distribution 
function  was  sought  as  the  key  to  improved  specifi- 
cation of  crosstalk  requirements. 

6. 1 Crosstalk  _D ist ribut ion  ^un^jL Iqi^ 

For  all  cables  investigated,  crosstalk 
measurements  wore  plotted  on  normal  probability 
paper  and  consistent  and  significant  deviations 
from  normality  were  noted.  Figure  1 exemplifies 
the  typical  pattern  observed. 


Crosstalk  Loss  (dB/Rcpeater  Section) 


Figure  1 ; Crosstalk  Loss  Distribution  Functions 

The  bulk  of  each  distribution  is  normal,  with 
some  tendencies  towards  positive  skeuaiess.  The 
lower  tail  of  the  curve  (the  part  dominating  the 
power  sum  calculations)  is  definitely  truncated, 
and  the  upper  tails  range  from  truncation  to 
excessive  spreading.  The  degree  of  truncation  at 
the  lower  end  varies  considerably  from  cable  to 
cable,  and  very  rarely  approaches  the  value  of  3.5 
assumed  by  Bradley. 

Two  possibilities  were  considered  for  an 
improved  characterization  of  the  distribution 
function:  take  into  account  the  small  amount  of 
skewness  observed  in  many  cases,  or  use  a truncated 
normal  model  incorporating  a better  estimate  of 
the  true  truncation  factor.  Since  formulae  already 
exist  for  the  power  sum  of  truncated  normal  random 
variables  (see  equations  (20)-(24)),  and  since  this 
method  (with  c = 3.5)  has  shown  promising  results, 
it  was  decided  to  follow  the  latter  course. 


6. 


Truncation  Factor 


To  find  suitable  estimates  for  the  truncation 
factor  of  the  crosstalk  distribution,  the  exact 
value  of  c which,  when  substituted  into  equations 
(20)-(2A),  yields  the  exact  minimum  measured  power 
sum  was  computed  for  each  set  of  measurements.  As 
expected,  most  values  were  considerably  lower  than 
3.5.  Table  3 summarizes  the  results. 

Table  3;  Average  Truncation  Factors  Required  to 
Yield  Exact  l.'!WT  Power  Sum 
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3.61 
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The  figures  in  brackets  denote  the  standard  devia- 
tions of  the  calculated  factors. 


Larger  pair  count  cables,  where  multi-unit 
'onstruct ions  are  employed,  display  a wider  spread 
of  crosstalk  values  (larger  c)  due  to  the  mixture 
of  within  unit  and  between  unit  results  (cf. 

Tables  7-9).  Generally  speaking,  considerable 
variation  in  the  trvmcation  factors  is  observed, 
sufficient  to  make  the  use  of  an  average  figure 
unattract ive . 

For  sampled  data,  where  calculation  of  exact 
power  sums  is  impossible,  the  minimum  recorded 
crosstalk  value  was  expected  to  provide  a simple 
and  logical  'estimate  for  the  truncation  point  of 
the  distribution,  which,  when  normalized  and 
subsequently  substituted  into  equations  (20)-(24), 
will  yield  the  correct  l^WT  power  sum.  To  test  the 
effectiveness  of  this  procedure,  the  truncation 
factors  defined  by  the  minimum  measured  crosstalk 
value,  Cj^,  were  correlated  with  the  truncation 
factors  required  to  calculate  L!ie  exact  measured 
power  sum,  Cp.  Remarkable  correlations  were 
obtained  0.91),  and  the  resulting  regression 

lines  for  FEXT  and  NEXT  are  plotted  in  Figure  2. 


Figure  2 : Regression  of  truncation  factor  required 
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From  equation  (20)-(24)  and  using 
calculate  the  expected  1/lWT. 

c = Cp, 

The 

computations 

for  the  data  set  > 

of  the  100% 

tested  cables  arc  listed  in  Table  12  under  the 
column  'VTN  XT  Dist'.*  (for  Variably  Truncated 
No  rma I ) . 

6.3  Model Evaluation 


The  entire  procedure  was  repeated  using 
different  statistics  for  the  centrality  and  dis- 
persion parameters  of  the  crosstalk  distribution; 
e.g.  the  median  instead  of  the  mean,  and  the  below 
mean  and  below  median  deviations  instead  of  the 
standard  deviation.  The  original  combination  of 
(mean,  standard  deviation)  proved  to  provide  the 
most  consistent  and  accurate  final  estimate  of  the 
iZWT  power  sum. 

Summarizing,  the  following  procedure  was  used 
to  estimate  worst  case  power  sums: 

(i)  Measure  pair-to-pair  crosstalk  for  a represen- 
tative sample  of  pair  combinations.  Record 

\in- 


Table  12  reveals  that  the  VTN  method  yields 
results  superior  to  those  obtained  assuming  non- 
truncatod  or  fixed  truncated  normal  distributions 
for  the  crosstalk.  Tabic  4 compares  tlio  perform- 
ances of  the  three  methods. 


Table  4:  Comparison  of  Accuracies  of  Power  Sum 
Approximations  Assuming  Different 
Crosstalk  Distribut ions 
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The  VTN  method  has  essentially  randomized  the 
sign  of  the  deviation  of  the  predicted  from  the 
measured  1%WT  power  sum.  More  importantly,  it 
has  reduced  the  spread  of  these  deviations 
significantly.  Even  in  the  cases  where  the  1%V.T 
power  sum  was  overestimated,  the  error  is  comfort- 
ably absorbed  in  the  margins  incorporated  into 
crosstalk  specifications  precisely  for  the  purpose 
of  "lack  of  information  about  crosstalk  distribu- 
tion" (usually  6-12  dB) . 

6 . A Effect  of  Sample  Size 

Although  good  accuracy  in  predicting  worst 
case  power  sums  by  the  preceding  method  has  been 
demonstrated  on  the  data  from  completely  tested 
cables,  the  question  of  the  effect  of  sample 
size  arises.  The  sample  mean  and  standard 
deviation  are  good  estimates  of  the  population 
mean  and  standard  deviation;  however,  the  sample 
minimum  is  not  necessarily  a good  indicator  of  the 
population  minimum. 

The  probability  density  function  q of  the 
range  R of  a sample  of  size  n dravm  from  a 
population  with  probability  density  function  f 
truncated  at  a and  b is  given  by 

b-R  ["u+R 

q(R)  = n (n-1)  j f(u)  f(u+R)  ^ f(x 
a L u 

Even  for  the  case  of  a normally  distributed 
population,  this  expression  is  best  evaluated 
numerically,  and  Tippett®  compiled  comprehensive 
tables  of  the  probability  integral  of  the 
distribution  of  the  maximum  (obtained  from  the 
range  by  assuming  svnnmetry)  in  samples  of  size  n 
taken  from  a normal  distribution.  The  expected 
value  of  the  extreme  (measured  in  terms  of  the 
standird  deviation)  is  plotted  as  a function  of 
sample  size  n in  P'igure  3. 


Figure  3;  Expected  Value  of  Minimum  of  Sample 


For  crosstalk  data,  where  the  population  has 
a truncated  normal  distribution,  the  expected  value 
of  the  extreme  value  of  the  sample  will  fall  below 
this  curve.  The  regression  line  obtained  from  the 
100%  tested  cables  (sample  size  n * total  number 
of  cumbinatious)  is  included  in  Figure  3 and  has 
the  equation 

Cj„  = 1.26A  + 0.5A1  log  n (29) 

Hence,  for  a partially  sampled  cable,  the 
truncation  factor  c^  will  be  the  larger  of  the  two 
values  obtained  by  equations  (25)  and  (29),  where 
n = total  number  of  pair  combinations  for  100% 
testing. 

6 . 5 Multi-Unit  Cables 

Large  pair  count  cables  of  multi-unit 
construction  require  special  attention.  Usually, 
sufficient  crosstalk  isolation  exists  between 
adjacent  units  to  enable  the  use  of  within-unit 
measurements  alone  in  determining  FEXT  performance. 
Similarly,  for  NEXT  only  the  crosstalk  between  the 
two  Go  and  Return  units  in  closest  proximity  to 
one  another  needs  to  be  considered. 

It  has  been  demonstrated  using  available 
crosstalk  data  that  the  above  is  not  only  a time- 
saving sampling  procedure  but  also  an  absolute 
necessity  in  properly  evaluating  crosstalk 
behaviour.  Mixing  within-unit  and  between-unit 
measurements,  even  if  they  are  properly  weighted, 
can  result  in  a noticeable  departure  from  the 
assumed  truncated  normal  distribution  (e.g. 
multimodal  forms).  If  the  mean  and  standard 
deviation  from  such  a mixed  population  are  then 
inserted  into  the  formulae,  an  apparent  improvement 
in  the  worst  case  power  sum  over  the  within-unit 
l%kT  power  sum  can  actually  be  indicated.  Clearly, 
this  cannot  be  the  case. 

On  the  other  hand,  in  relatively  small  cables 
of  sub-unit  construction,  such  as  the  100  pair 
Twin  Core  included  in  our  data  base,  the  effective 
crosstalk  screening  between  sub-units  on  the  same 
side  of  the  internal  D-shield  is  not  severe  enough 
to  distort  the  distribuLion  function  significantly. 
Therefore,  whether  or  not  within-unit  and  between- 
unit  measurements  should  be  lumped  together  will 
depend  on  the  characteristics  of  the  crosstalk 
distributions  involved  and  the  unit  sizes.  The 
following  approach  has  been  proven  to  provide 
accurate  results: 

- For  internally  screened  cables  with  units  or  sub- 

units smaller  than  50  pairs,  one  representative, 
properly-weighted  sample  from  the  entire  popula- 
tion is  required  to  obtain  X,  s,  for  use  in 

the  formulae. 

- For  large  pair  count  duct  cables  or  smaller 
cables  (internally  screened  or  not)  with  small- 
est stranding  unit  of  50  pairs  or  more,  only 
statistics  from  within-unit  measurements  (for 
FEXT)  or  between  the  two  closest  units  (for  NEXT) 
arc  used  in  the  formulae.  The  effects  of  the 
other  units  are  determined  from  tables  of 
correction  factors  derived  below. 
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6.6  Power  Suin  Simulat  ions  in  Mult  i-l’nlt  Cables 

Whether  or  not  adjacent  units  contribute 
significantly  to  the  power  sums  of  the  within-unit 
crosstalk  alone  depends  on  the  magnitudes  of  the 
betvecn-unit  and  within-unit  crosstalk  means  and 
standard  deviations,  the  sizes  of  the  units  and 
the  number  of  adjacent  units.  The  many  variables 
involved  and  the  fact  that  we  are  interested  in 
IXWT  power  suras  make  the  analytical  solution  of 
this  problem  formidable.  Instead,  Monte  Carlo 
simulation  techniques  were  employed  in  conjunc- 
tion with  a computer  to  generate  tables  of  factors 
that  quantify  the  deterioration  in  the  1%WT  power 
sum.  A brief  description  of  the  simulation 
methods  and  use  of  the  tables  follows: 

Notation: 

mj^  = mean  of  within-unit  measurements 
m>  * mean  of  between-unit  measurements 

s^  - standard  deviation  of  within-unit  measure- 
ments 

S-)  = standard  deviation  of  between-unit  measure- 

ments 

= size  of  primary  unit 

= number  of  pairs  in  adjacent  unit(s) 

(usually  = n^,  or  2n^  if  two  units  are 
adjacent  to  the  primary  unit.) 

.'.M  = m,  - m^ 

Computation:  All  crosstalk  values  were  simulated 
using  a random  number  generator  and  the  statistics 
of  the  applicable  crosstalk  distribution  assuming 
a truncated  normal  distribution.  On  a power  sum 
basis,  (n^  - 1)  within-unit  and  n2  between-unit 
values  were  added  to  obtain  one  power  sum.  A 
total  of  such  sums  were  generated  and  the  worst 
case  was  noted.  The  entire  process  was  repeated 
ten  times,  the  results  averaged  to  obtain  the 
expected  worst  case  power  sums,  and  the  final 
number  compared  with  a similar  figure  derived  using 
only  within-unit  crosstalk.  This  difference  was 
observed  to  depend  on  s^,  .‘.M,  and  ot  ♦ and 
the  simulations  were  thus  conducted  for  selected 
values  of  these  variables.  Tables  13-15  in 
Appendix  4 list  the  results. 

Use  of  Tables:  If  it  has  been  decided  that 
statistics  obtained  from  within-unit  measurements 
alone  have  to  be  used  in  determining  compliance 
with  crosstalk  requirements  (FEXT,  for  example),  a 
sufficient  number' of  between-unit  measurements 
should  nevertheless  be  taken  to  determine  valid 
estimates  of  m2  and  S2*  The  number  r\2  is  usually 
some  multiple  of  the  unit  size  nj^,  depending  on 
how  many  adjacent  units  will  be  dedicated  to  T- 
carrier  use  along  with  the  primary  unit.  Under  the 
appropriate  values  of  .■.M“m2-'mi  ,n2 » n2,  s,,  S2,  the 
tabulated  entry  indicates  the  magnitude  (in  dB)  of 
the  expected  deteriorat ion  in  the  power  sum  due  to 
the  effect  of  the  adjacent  units.  This  value  should 
be  added  to  the  crosstalk  requ 1 rement  obtained  for 
a single  unit. 

For  practical  purposes,  linear  Interpolation 
for  non-tabulated  values  of  the  parameters  will 


yield  sufficiently  accurate  results.  It  should 
also  be  noted  that  for  ‘M  * 8 dB  (approximately) 
and  normally  encountered  values  of  S] • S2,  n|  and 
in*  the  preceding  method  can  usually  be  dispensed 
with,  and  one  sample  of  measurements  featuring 
properly  weighted  within-unit  and  between-unit 
pair  combinations  will  be  sufficient  for  applica- 
tion to  Che  crosstalk  requirement  equations. 

7.  Kequlreroents 

Equations  developed  in  Section  6 for  approxi- 
mating 1%WT  power  sums  are  now  used  in  formulating 
improved  crosstalk  requirements.  Referring  to 
Murthy^  and  equations  (20)-(27),  NEXT  and  FEXT 
loss  requirements  for  any  transmission  rate  (with 
bipolar  signalling)  and  any  repeater  spacing  are: 

NEXT:  X^  - L - 5 Mj;  + ^^0) 

2.33 

FEXT:  Xp  - L - ^ ^ Mp  + 13.4  + -t  (31) 

2.33  s'„ 

where : 

* mean  near-end  crosstalk  loss  at  the 
applicable  Nvquist  f requency 

Xp  ® mean  input-output  far-end  crosstalk  loss 

at  the  applicable  Nyquist  frequency 

I.  » average  insertion  loss  of  the  cable  pairs 

between  repeatens  at  the  Nyquist  frequency 

“F’*  N ” correction  factors  due  to  deviations 
from  raised-cosine  channel  shaping"^ 

Mp,  Mjs;  * error  margins  allocated  for  various 
degradations,  including  insuf f iclent 
knowledge  of  crosstalk  data  (usually 
6-12  dB), 

and  a' ^ are  defined  in  (21)  and  (22). 

The  lower  bound  for  (Xp  - 1.)  as  defined  by 
equation  (31),  witli  Ap  * Mp  * 0,  is  plotted 
against  n,  the  number  of  interfering  systems,  as 
contours  of  s and  c.  In  Figures  4-11  (see  Appendix 
5).  Instead  of  a single  curve  for  each  value  of  s, 
a hand  of  contours  corresponding  to  a range  of 
likely  truncation  factors  c are  generated  for  each 
s.  Each  graph  depicts  curves  for  s ■ 5 to  14  for 
one  particular  truncation  factor  c. 

Figures  4-11  can  thus  be  used  to  define 
minimum  allowable  crosstalk  loss  levels.  With  a 
suitable  margin,  e.g.  N * 9 dB,  the  curves  arc 
directly  applicable  for  FEXT;  for  NEXT,  0.9  dB  is 
added  to  the  value  obtained  from  the  graphs  to 
give  minimum  allowable  levels  for  Xjj  - L.  The 
following  cx.imples  illustrate  use  of  the  graphs. 

7 . 1 E 

(1)  The  following  data  was  collected  from  a 

partial  sampling  scheme  on  a 100  pair/22  AWO 
filled  core,  internally  screened  cable: 
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Table*  S; 


S^unpled  Crosataik  Data  trom  100  Pair/22 
AWG  FTC  Cable  CdB/7800  ft.) 
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11 

ni.r 

7.k 

«>  0 

Cable  Attenuation  in  UB/mile:  19.  7 (772  kilz). 

27.4  (1,57b  MHz) 

For  the  Fl57h  (0/S  D)  data: 

The  truncation  factor  of  the  sample  is,  from  (25), 
1.75. 

For  100/'  sampling  (1225  pair  combinations),  the 
expected  truncation  factor  would  be  (from  Figure  J 
or  equation  29)  2,93. 

Since  it  is  greater  than  the  sampled  trunca- 
tion factor,  we  use  the  expected  100*;  sample  figure 
for  Cj^.  Substituting  in  (27)  yields  Cj>  ■ 3.20. 

Consulting  Figure  7 for  n ■ 49,  s ■ 10,7  and 
c * 3.5,  the  lower  bound  for  X - 1.  is  49.5.  For 
c * 3.0  (Figure  !>) , the  bound  would  be  47,5. 
Interpolat ing  linearly  for  the  value  c ■ 3.2 
yields  X - L > 48.3,  The  nominal  repeater  spacing 
for  this  type  of  cable  is  7800  feet,  so  that  1.  • 
40.5.  Hence,  for  a very  conservative  safety  margin 
of  Mp  » 12  dB,  the  lower  bound  for  the  Input-output 
FEXT  mean  is  48.3  + 40.5  + 12.0  - 100.8,  comfort- 
ably below  the  measured  value  of  106.5. 

For  the  N1576  (OK)  data: 

Sampled  truncation  factor:  2.2. 

Expected  100*;  truncation  factor  (from  (29)  for  n ■ 
2500):  3.J. 

From  equation  (26),  Cp  * 3.76.  ^ 


From 

Figure  6 

(c  « 4.0, 

s « 

7.6,  n - 50). 

X - 1.  i 

42.7. 

From 

Figure  7 

(c  - 3.5, 

s ■ 

7.6,  n - 50), 

X - 1.  ; 

40.8. 

Interpolating 

for  c * 3, 

.76, 

X - I.  > 41.8. 

For  NEXT  we  add  0.9  to  the  plotted  curves. 
Hence,  the  lower  bound  for  mean  NEXT  at  1.576  MHz 
becomes  41.8  + 40.5  + 0.9  + 12.0  • 95.2  (M^  - 12.0 
dB),  well  below  the  measured  mean  of  111.7  dB. 

Incidentally,  using  non-truncated  normal 
distributions  for  the  individual  crosstalk  values 
(Figure  4),  the  lower  bounds  for  FEXT  and  NEXT 
would  have  been  106.5  and  95.8, respectively . The 
increase  in  accuracy  actiicved  by  the  variable 
truncation  method  is  obviously  more  dramatic  when 


high  standard  deviitlons  are  involved. 

(ii)  As  an  example  of  applying  the  method  to 

large  pair  count  cables,  the  (oJ lowing  data 
from  a highly-blown  cellular  insulated, 
filled  core  duct  cable  was  analyzed. 

fable  6;  Sampled  Crohstalk  Data  frem  1200  Pjtr/22 
AWC  Klllfd  Duct  Cable  (JB/7800  ft.) 
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*An  units  located  in  outer  layer  of  cable. 

Cable  attenuation  in  dB/nllo:  23.6  dB/ml.  (772 
kHz).  32.7  dB/ml.  (1.576  MHz). 

Fvaiu.iiing  FKXT  performance  at  1.576  MHz: 

To  determine  the  elfecl  of  two  adjacent  units 
on  the  within-unit  crosstalk  (unit  size  " 100), 
we  consult  Table  15  under  'M  » 20  ('128.0  - 109.7), 
sj  ■ 12.6,  Si  ■ 8,3,  nT  ■ 200.  It  is  seen  that 
no  appreciable  deterioration  in  the  KWl  power  sura 
(0.0  dB)  is  likely:  therefore,  it  is  sufficient  to 
consider  only  within  unit  FEXT: 

S.unpled  truncation  factor  (from  (25)):  2.0. 

Expected  100^:  truncation  factor  (from  (29)  for 
n - 4950):  3.3. 

From  equation  (27),  cp  • 3.75. 


From  Figure  6 

(c  - 4.0, 

s - 12.6,  n - 99), 

X-L  } 

59.5. 

From  Figure  7 

(c  - J.5, 

8 - 12.6.  n - 99). 

X-L  , 

57.0. 

Interpolat ing 

for  c • 3, 

.75.  X-l.  i 58.2. 

For  a repeater  section  of  length  7800  leet 
(E  * 48.3dH),  X 5 106.5  dB.  The  measured  value 
of  the  crosstalk  meets  this  with  a margin  Mp  ■ 3.2 
dB.  If  a greater  margin  (e.g.  M-  * 9 dB)  is 
desired,  the  repeater  section  will  have  to  be 
shortened  by  the  corresponding  amount  (note  that 
for  a cable  of  this  type,  the  repealer  section 
will  usually  be  designed  for  a shorter  length 
anways,  corresponding  to  a nominal  loss  of 
approximately  43  dB).  Alternatively,  if  an  even 
larger  margin  is  demanded,  less  than  1007.  PCM  fill 
could  be  used. 

NEXT  performance  at  1.576  MHz: 

Since  FKXT  is  not  limiting,  it  is  critical  to 
decide  how  closely  units  for  opposite  directions 
of  transmission  can  be  placed  before  NEXT  becomes 
a problem.  First  of  all,  determine  the  additional 
effect  that  the  alternate  unit  has  on  the  NEXT 
produced  by  the  adjacent  unit: 
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From  Table  15.  for  AM  « 12  (»103.5  - 90.8).  si.- 
6.6,  S2  * 6.9,  n2  • 100,  the  expected  deteriora- 
tion is  approximately  0.2  db. 


For  adjacent  units: 


Sampled  truncation  factor:  1.7 

100%  truncation  factor: 

3.4 

From  equation 

(26): 

4.2 

• 

From  Figure  5 

(c  = 4.5, 

s “ 6.6,  n “ 

100) , 

X-L  i 

41.2. 

From  Figure  6 

(c  = 4.0, 

s = 6.6,  n ® 

100), 

X-I.  > 

41.0. 

Interpolat ing 

for  c = 4, 

.2,  X-1,  > 41. 

1. 

F^or  NEXT,  0.9  has  to  be  added  to  this  figure: 

Xj.  - L > 42.0. 

If  a fixed  repeater  length  of  7800  feet  (48.) 
dB)  is  required,  it  is  seen  that  lOOX  PCM  fill  is 
still  possible  (90.8  > 42.0  + 48.3  + 0.2  = 90.5). 
but  only  with  essentially  a zero  margin  » 0.3). 
For  a properly  designed  repeater  span  with  nominal 
loss  of  43  dB,  this  margin  increases  to  5.6  dB. 
Normal  allocation  of  T-carrier  pairs  allows  at 
least  one  unit  separation  between  opposite  direc- 
tions of  transmission,  in  which  case  more  luxurious 
margins  to  allow  for  various  degradations  will  be 
available. 

In  the  above  cases,  the  sampled  truncation 
factor  was  always  considerably  less  than  the  likely 
truncation  factor  for  100%  testing,  as  is  to  be 
expected  for  the  relatively  small  sampling  rates 
employed  for  such  large  pair  count  cables.  Although 
the  theoretically  expected  factor  was  used  In  every 
calculation,  the  sample  truncation  factor  should 
nevertheless  be  computed  on  the  chance  that  the 
sample  managed  to  include  an  unusually  bad  pair 
combination.  The  resulting  low  crosstalk  value 
will  significantly  affect  the  power  sums,  making 
use  of  the  sampled  truncation  factor  Imperative. 

The  preceding  examples  have  demonstrated  use 
of  the  developed  improved  crosstalk  requirements  in 
cable  acceptance  testing.  In  a similar  fashion, 
for  cables  with  predeten.:ined  crosstalk  properties, 
the  tables  and  graphs  can  be  applied  to  repeater 
section  design  and  allocation  of  T-carrier  pairs 
in  cables. 


crosstalk  in  multi-unit  cables  were  esriisated  and 
tabulated.  Examples  illustrated  the  use  of  the 
graphs  and  tables  in  cable  acceptance  testing  and 
T-carrier  system  design. 
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8 . Summary 

Single  frequency  measurements  of  palr-to-palr 
crosstalk  have  been  examined  to  determine  the 
validity  of  traditional  crosstalk  requirements  for 
cables  Intended  for  T-carrler  use.  On  the  basis  of 
results  from  numerous  100a  tested  cables,  it  was 
decided  that  the  approximations  to  the  worst  case 
power  sums  introduced  a consistent,  sizable  error 
into  tlie  crosstalk  limits.  New  equations  were 
developed  on  the  basis  of  crosstalk  distribution 
functions  that  arc  essentially  normal  with  a 
variable  truncation  point.  The  superior  accuracy 
of  this  method  was  demonstrated  by  comparing  it 
with  other  published  crosstalk  criteria.  The 
effects  of  adjacent  units  on  the  within-unlt 
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Appendix  1:  Core  Construcjt  ions  of  Test  Cabl 


(i)  26/22  FTC:  (ii)  52/20  ITCAL; 


(iil)  54/22  KTC:  / 


(iv)  100/22  FTC: 


X|»  X^.  Xj,  X^  are  spare  pairs. 


I/S  D,  USU:  all  combinat luns  between  pairs  In  A 

alone  or  all  combinations  between  pairs 
in  B alone. 

Similarly,  for  units  outside  of  I)-sbield. 

Pair  combinations  for  NKXT: 


Al.I.:  all  pair  combinations  from  (A,b,X)  to  (C,D, 

X). 

BASl’:  all  pair  combinations  from  B to  C or  from 
A to  I). 

BOSl’:  all  pair  combinations  from  A to  C or  1 rom 
B to  I). 

I V ) 1200/22  Filled  DyyJ  Cable  : 


(a)  In  evaluating  KE.XT  performance  of  the  cable, 
the  effect  of  adjacent  units  was  estimated  by 
considering  the  deterioration  in  the  1%WT  power 
sum  caused  by  units  9 and  11  adding  further 
interference  to  the  crosstalk  within  unit  10. 


Tair  combinations  for  FtXT: 

I/S  D,  ALL:  all  combinations  between  pairs  in  A, 
B and  X. 


(b)  In  considering  NEXT  limitations  on  1002  PCM 

till,  NEXT  between  two  adjacent  units  such  as 
12  and  4 was  evaluated.  The  effect  of  an 
alternate  unit  like  11  further  adding  to  this 
disturbance  In  unit  4 was  estimated. 


Appendix  2;  > nJ.H.  Hata 


Table  7:  Crosstalk  in  52  rair/20  AWG  FTCAL  Cable  (dB/7600  Feet) 


Type  of 
Crosstalk 

Pair 

Local  ion 

No.  ol 

Combinations 

X 

s 

X 

''rms 

^in 

^(.5 

^m 

S.5 

'min  (2) 

N772 

ALI. 

676 

119.9 

13.5 

107.1 

92.0 

116.5 

11.4 

9.5 

86.2 

86.8 

FASU 

144 

115.7 

1 1.0 

106.2 

93.0 

89.9 

91.0 

M 

" 

169 

129.0 

12.4 

116.3 

104.0 

101.8 

99.9 

M 

BOSl’ 

156 

114.1 

10.6 

i05.8 

92.0 

87.7 

87.4 

" 

156 

114.6 

n.4 

104.8 

93.0 

87.6 

89.7 

F772 

l/S  D.Al.l, 

125 

103.0 

10.  I 

92.1 

75.8 

103.8 

10.4 

10.8 

74.2 

" ,WSl 

66 

97.6 

8.9 

89.5 

75.8 

74.9 

M ^ M 

78 

100.  1 

10. 0 

89.3 

76.8 

75.6 

" , BASl 

156 

106.9 

8.9 

98.3 

81.8 

81.1 

ll/s  Il.AI.I. 

325 

I0.J.8 

11.1 

92.8 

74.8 

103.6 

10.3 

10.5 

73.0 

" 

" ,WSl’ 

66 

96.3 

10.0 

87.7 

74.8 

73.2 

" 

78 

100.5 

8.7 

93.3 

81 .8 

78.5 

" ,BASL’ 

156 

108.4 

10.  3 

99.9 

86.8 

84.2 

Cable  Attenuation  in  dB/mile:  22.5  (772  kHz) 


TjhK'  9; 


Crosstalk  lii  100  rair/22  AWO  FTC  Cnhle  (dB/7H00  frtt) 


Typi’  of 
I'rosstalk 

Pair 

Local  ion 

No,  of 

Lombinal ions 

X 

s 

^rms 

X . 
nun 

■\5 

*’ni  i n ^ ^ ^ 

*mln 

N772 

ALL 

2500 

118.4 

10.1 

107.1 

87.0 

118.0 

10.2 

10.2 

83.4 

81.6 

*’ 

BASL 

025 

113.6 

10.0 

106.4 

91.0 

87.8 

86.8 

" 

*■ 

115.5 

10.4 

105. 1 

87.0 

83.7 

84.5' 

" 

Bosr 

" 

120.4 

8.7 

112.3 

96 . 0 

92.  3 

83.1 

" 

" 

" 

122.2 

9.7 

107.5 

87.0 

83.9 

89.5 

N137b 

AI.l 

2500 

113.1 

8.5 

106.8 

88.0 

112.0 

7.2 

6.9 

83.5 

82.5 

" 

BASL 

025 

111.7 

8.  J 

103.9 

90.0 

87.0 

85.3 

” 

’* 

" 

112.4 

8.6 

103.8 

88.0 

84.8 

86.7 

” 

BDSL 

*' 

114.2 

7.9 

109.1 

98.0 

90.6 

84.8 

’* 

•• 

I 1 4 . j 

9.0 

107.4 

40.0 

87.  3 

90.2 

K772 

i/S  I), AI.L 

1225 

101.3 

11.0 

91.1 

68.7 

101.7 

11.0 

I 1.  3 

66.9 

" 

" .W.SC 

JOO 

‘J7.4 

10.4 

86.  1 

68.7 

66.9 

" 

" .W.SC 

iOl) 

46. 

10.0 

8 7.2 

69.  7 

68.9 

" 

" .BASL 

bJ') 

103.3 

10.  1 

93.0 

7h.7 

73.8 

'* 

O/S  D.Al.l 

1225 

102.  J 

1 1.  J 

40.0 

69.8 

101  .8 

11.2 

10.7 

68.2 

” 

" .WSL 

JOO 

1 

11.2 

87.4 

71.8 

68 . 5 

** 

*'  .WSL 

JOO 

m:.8 

10. 1 

87.5 

64.8 

68.8 

" 

" .BASL 

b2b 

1 06 . B 

10.  1 

9h.2 

7h.H 

75.2 

F1576 

1/S  D.ALL 

1225 

103.4 

10.  2 

4^.9 

7h.  1 

106.  I 

10.4 

10.  3 

73.5 

" 

" .WSl 

JOO 

102.2 

4.7 

92.1 

7h.  1 

73.5 

" 

" .w'si 

JOO 

101.4 

4.2 

92.8 

7b.  1 

74.7 

" 

" . BASL 

h2b 

104.4 

4.  J 

100.3 

82.1 

79.2 

" 

O/S  D.AM 

IJJ5 

107.3 

10.8 

96.1 

7h . 4 

107.4 

10.5 

10.5 

74.5 

" 

" ,WSL 

300 

10  J.  J 

10.5 

91.7 

78.4 

74.7 

" ,WSL 

100 

102.7 

9.  J 

93.5 

76 . 4 

75.2 

” , HASC 

025 

. 

111.9 

9.8 

102.2 

81.4 

80.9 

Cablf  AlU'iuiation  in  dB/milr:  19.9  l772  kHz).  JH.J  (l.b7()  7niz) 


Table  lU:  Crosstalk  In  Tbree  12  l’alr'J2  Ab'C  THRU  Cables  (dB/l,n00  feet) 


Type  of 
Crosstalk 

— 

Pair 

Locat ion 

No.  of 

('omblnat  ions 

X 

S 

X 

rms 

min 

\5 

s 

n 

".5 

p , (1)  r . (2) 

min  nun 

N772 

AI.L 

66 

79.2 

7.4 

74.4 

63.0 

78.0 

6.7 

6.0 

60.2 

N157h 

66 

83.2 

7.7 

77.4 

67.0 

84.0 

7.5 

7.8 

64.0 

F772 

66 

83.2 

9.7 

74.4 

64.0 

84.0 

10.2 

10.6 

61  .0 

FI  576 

66 

84.4 

8.7 

82.0 

71.0 

90.0 

0. 1 

9.3 

67.7 

66 

76.4 

8.0 

70.8 

60.8 

76.2 

7.4 

7.3 

57.6 

NI576 

66 

8J.4 

9.0 

76.4 

67.8 

83.2 

8.4 

8.3 

64.1 

F772 

66 

77.6 

8,0 

68.3 

53.6 

77.8 

8.8 

8.7 

52.4 

F1576 

66 

77.2 

8.7 

66.0 

51.2 

77.0 

8.9 

4.0 

44.4 

N772 

66 

113.0 

10.1 

104.6 

91  .8 

113.3 

9.3 

8.7 

40.0 

NI576 

M 

66 

109.1 

9.8 

09.7 

88.2 

107.2 

9.1 

7.9 

83.0 

F772 

It 

66 

116.8 

10.  1 

104.8 

91.2 

114.2 

10.6 

8.4 

89.8 

F1576 

f 1 

66 

110.0 

9.7 

100.8 

88.7 

108.7 

8.5 

8.1 

86.1 

9.0  (772  kHz), 

11.) 


Attentiatlon  in  dB/1,000  feet; 


Cable  1 


13.2  (1.370  MHz) 
18.4 


Type  of 
Crosstalk 


Pair  No.  of 

Location  Combinations 


i 


Table  12; 


(cont inued) 


Approximations 

to  IX  WT  Power 

Sum 

Type  ol 

Fair 

Measured 

Normal 

XT  Dist. 

Truncated  XT  Disc. 

VTN 

XT  Dist. 

Cable 

Crosstalk 

Locat ion 

Minimum  PS 

U WT 

Error 

nwT 

Error 

IZ  WT 

Error 

2V/2Z  FTC 

N772 

IE 

82.5 

81.0 

-1.5 

82.0 

-0.5 

82.2 

-0.2 

" 

82.3 

81.0 

-1.3 

82.0 

-0.3 

82.2 

-0.1 

** 

M576 

" 

80.6 

75.5 

-5.1 

77.9 

-3.2 

80.8 

0.2 

" 

'* 

79.7 

75.5 

-4.2 

77.9 

-2.3 

80.8 

1.1 

F772 

I/s  1) 

66.1 

65.2 

-0.9 

66.8 

0.7 

67.8 

1.7 

" 

" 

0/s  D 

68.3 

65.9 

-2.9 

68.1 

-0.2 

68.3 

0.0 

" 

F1576 

I/S  I) 

72.3 

70.3 

-2.2 

72.1 

-0.9 

73.5 

0.9 

" 

" 

0/S  I) 

73.9 

70.5 

-3.4 

72.9 

-1.0 

73.6 

-0.3 

26/22  FTC 

N772 

IE 

71.3 

65.0 

-6 , 4 

67.5 

-3.8 

69.1 

-2.2 

'* 

69.7 

65.0 

-9.7 

67.5 

-2.2 

69.1 

-0.6 

" 

OE 

76.9 

75.9 

-1.4 

77.7 

0.8 

78.5 

1.7 

" 

" 

77.4 

75.9 

-2.0 

77.7 

0.3 

78.5 

1.1 

" 

F772 

I/S  D 

70.0 

62.7 

-7.3 

64.5 

-5.5 

70.1 

0. 1 

0/S  D 

71.3 

66.3 

-5.0 

68.0 

-3.9 

72.0 

0.7 

26/22  FTC 

F772 

I/S  D 

71.9 

63.9 

-7.5 

66.0 

-5.4 

70.8 

-0.6 

" 

” 

0/S  D 

74.0 

66.8 

-7.2 

68.3 

-5.6 

75.3 

1.3 

26/22  FTC 

F772 

I/S  n 

69.0 

69.3 

-9.7 

66.9 

-3.2 

68.9 

-0.1 

*' 

" 

O/S  D 

71.7 

66.7 

-9.9 

68.0 

-3.6 

72.2 

0.5 

26/22  FTC 

F772 

I/s  D 

71.9 

62.9 

-9.0 

65.0 

-6.9 

71.7 

-0.2 

" 

" 

0/s  D 

71.2 

61.1 

-8.1 

65.1 

-6.1 

72.2 

1.0 

26/22  FTC 

N772 

IE 

78.8 

79.0 

0.2 

80.8 

2.0 

80.2 

1.4 

** 

" 

80.1 

79.0 

-l.J 

80.8 

0.6 

80.2 

0.1 

" 

" 

UE 

85.9 

80.3 

-5.6 

81.7 

-4.1 

86.9 

1.0 

" 

" 

86.0 

80.3 

-5.7 

81.7 

-9.3 

86.9 

0.9 

F772 

I/s  D 

73.5 

67.3 

-6.1 

69.0 

-4 . 4 

73.6 

0.2 

" 

0/S  D 

72.5 

69.5 

-3.0 

70.4 

-2.2 

72.3 

-0.3 

26/22  FTC 

F772 

I/S  D 

75.1 

67.0 

-8.1 

68.9 

-6.2 

24.8 

-0.2 

" 

*' 

0/S  D 

72.9 

69.0 

-3.4 

69.8 

-2.7 

71.9 

-1.0 

12/22  TERM 

N772 

ALL 

60.2 

59.7 

-5.5 

55.8 

-4.4 

60.4 

0.2 

N1576 

” 

69.0 

57.7 

-6.3 

59.0 

-5.0 

62.8 

-1.2 

" 

F772 

61.0 

51.3 

-9.7 

53.8 

-7.2 

61.6 

0.6 

" 

F1576 

" 

67.7 

60.6 

-7.1 

62.6 

-5.1 

68.3 

0.6 

12/22  TERM 

N772 

ALL 

57.6 

50.5 

-7.1 

51.9 

-5.7 

56.1 

-1.1 

M 

N1576 

" 

69.1 

53.7 

-10.9 

55.6 

-8.5 

63.7 

-0.4 

" 

F772 

" 

52.9 

48.2 

-4.2 

50.3 

-2.1 

52.2 

-0.1 

F1576 

" 

49.4 

98.5 

-0.9 

50.5 

1.1 

51.0 

1.6 

12/22  TERM 

N772 

ALL 

90.0 

81.8 

-8.2 

89.2 

-5.8 

88.9 

-1.6 

N1576 

85.0 

76.8 

-8.2 

79.1 

-5.9 

89.5 

-0.5 

" 

F772 

89.8 

83.6 

-6.2 

86.2 

-3.6 

89.7 

-0.1 

M 

F1576 

" 

86.1 

77.8 

-8.3 

80.3 

-5,8 

86.5 

0.9 
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pendlx  4:  Correction  Factors  for  Effect  of  Additional  Units  on  Cros stalk  Power  Sums 

Table  13;  Expected  neterloration  In  1%  U*T  Power  Sums  Due  to  Effects 
of  Adiacent  I’nlts  (Monte  Carlo  Slnulation  for  n 


Expected  Deterioration  in  1%  Power  Sums  Due  to  Effects 


of  Adjacent  Units  (Monte  Carlo  Simulation  for  n 


2.2 
0.6 
,2  0.3 


0.4 

0.8 

1.3 

3.3 

5.9 

0.3 

0.1 

0.6 

1 .4 

3.5 

0.1 

0.0 

0.0 

0.5 

1.5 

0.3 

0.4 

0.0 

0.4 

0.5 

O.I 

0.2 

0.0 

0.0 

0.0 

O.l 

0.2 

0.4 

1.3 

3.0 

0.0 

C.l 

0.3 

0.8 

1.4 

0.3 

0.0 

0.1 

0.3 

0.6 

0.2 

0.1 

0.2 

0.0 

0.0 

0.0 

0.1 

0.2 

0.0 

0.2 

1.5 

0.6 

2.3 

1.2 

4.2 

2.0 

7.1 

4.3 

10.7 

7.5 

0.3 

0.3 

0.8 

2.1 

4 .M 

0.0 

0.2 

0.1 

0.0 

1.5 

0.0 

0.5 

0.0 

0.0 

0.4 

0.6 

1.1 

1 .p 

4.2 

7.3 

0.3 

0.5 

0.7 

2.0 

4.0 

0.0 

0.2 

0.0 

0.3 

2.0 

0.0 

0.1 

0.0 

0.0 

0.4 

0.0 

0.0 

0.0 

0.0 

0.0 

Table  15;  Kxpected  Deterioration  In  1%  WT  Power  Sums  Due  to  Effects 
of  Adjacent  Units  (Monte  Carlo  Simulation  for  - 100) 
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Parameters  Affecting  Near-End  Crosstalk  in  Screened  Cables 


J.  P.  Savage  T.  G.  Hardin 

Bell  Laboratories  Western  Electric  Co.,  Inc. 

Norcross,  Georgia 


ABSTRACT 

The  move  to  increased  bit  rates  in  digital  carrier 
systems  has  focused  attention  on  the  near-end 
crosstalk  of  screened,  multipair  cables.  Two 
near-end  crosstalk  couplitigs  are:  (1)  directly 
through  the  screen  material,  and  [2)  leakage  at  the 
cable  shield-screen  interfaces.  Cable  design 
paraneters  which  significantly  affect  near-end 
crosstalk  are  sheath  type,  screen  materials  and 
configuration,  and  the  pair  twist  algorithm. 
Improvements  in  NEXT  perfomance  as  a result  of 
variations  of  these  parameters  are  discussed. 


1.  INTRODUCTION 

Evolution  of  Pulse  Code  Modulated  Carrier  Systems 
such  as  TIC  has  generated  increasingly  more 
stringent  Near-End  Crosstalk  (NEXT)  requirements. V 
Repeater  spacings  and  cable  fills  for  bidirectional 
operation  of  these  carrier  systems  are  limited  by 
NEXT  levels  in  the  cable.  The  ability  to  use 
bidirectional  PCM  Systems  on  all  pairs  within  a 
single  cable  is  advantageous.  Near-End  Crosstalk 
considerations  require  a metallic  screen  bisecting 
the  cable  core  for  full-fill  operations. 

The  need  to  meet  PCM  System  NEXT  requirements  in  an 
efficient  manner  has  generated  interest  in  cross- 
talk characteristics  and  the  capabilities  of 
various  screen  designs.  Descriptions  of  screened 
cables  for  PCM  (and  other  uses)  have  been  given 
in  previous  papers. W An  analysis  of  the  cross- 
talk mechanisms  will  allow  the  cable  designer 
to  choose  the  best  screening  methods  for  NEXT 
isolation. 

There  are  two  paths  of  NEXT  coupling  in  screened 
cable;  (1)  directly  through  the  screen  material 
and  (2)  through  any  gap  between  the  screen  and  the 
cable  shield.  Four  geometric  screen  configu- 
rations used  in  PCM  cables  are  shown  in  Figure 
1.1 
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FIGURE  1 I 

Previously  derived  expressions  for  both  mechanisms 
are  reviewed  in  this  paper.  The  crosstalking 
field  generated  by  a uniformly  twisted  pair  is 
expressed  as  the  sum  of  an  infinite  series  of  terms 
resulting  from  the  separation  of  variables 
technique.*  The  screen  leakage  mechanism  is 
modeled  as  a series  of  waveguide  transmission 
modes.’  The  screen  penetration  njechanism  is 
characterized  using  Schelkunoff 's*'  approach  as  a 
sum  of  three  shielding  temis. 

Measured  data  supplement  the  model  to  illustrate 
cable  and  screen  design  parameters  and  their 
effect  on  the  NEXT  performance. 

II.  NEAR-END  CROSSTALK  PARAMETERS 

2.1  Assumptions 

The  following  model  will  provide  a unifying  back- 
ground for  presentation  of  the  parametric  data 
describing  Near-End  Crosstalk  behavior.  The  fol- 
lowing mathematical  assumptions  are  made:  homo- 
geneous and  isotropic  materials,  perfect  helices 
cf  conductor  with  balanced  currents,  isolated  pairs 
with  no  ternary  interactions,  and  wavelengths  much 
longer  than  cable  core  periodicities. 

Two  n«thods  of  crosstalk  are  modeled: 

1.  Coupling  through  a gap  situated  parallel  to 
a z-axis  with  depth  "d"  in  the  y direction 
and  width  "b"  in  the  x direction. 
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i.  Coupling  directly  through  an  infinite  sheet 
of  screen  Material  of  good  - but  not 
perfect  - conductivity. 

Method  1 is  iiiodeled  as  a parallel  plate  wave- 
guide as  shown  in  Figure  2.1.  Method  2 is  modeled 
as  an  infinite  metallic  sheet  with  plane  wave 
incidence  as  shown  in  Figure  2.2. 


SCmEN  PCNEIDAtlON  MECHANISM 


PLANE 

Z = 0 


PAIR  GEOMETRY 


Figure  2.3 


below  ICi  MHz,  the  phase  shift  within  one  cable 
period  (lay)  can  be  ignored  and  the  field  pre- 
sented by  Shenfeld®  in  M.K.S.  units  can  be  used: 


where: 

f = 


P = 


L = 
I = 


Km  (•)  = 


phase  angle  at  z = 0 
distance  from  current  filament  to 
center  of  pair 

distance  from  center  of  pair  to  point 
of  observation 
pair  twist  length 
current  flowing  in  each  filament 
index  integer 

helix  angle  = 0 (2) 

derivative  of  the  modified  Bessel 
Function  of  the  first  kind,  order  m 
modified  Bessel  Function  of  the  second 
kind,  order  m 


H(z)  is  plotted  in  Figure  2.4  as  a function  of 
distance  from  the  pair  (p),  pair  twist  length  (L), 
direction  along  the  z axis  (helix  angle),  and 
distance  between  wires  in  the  pair(2a).All  four 
variables  are  closely  related;changing  one  will 
affect  the  scale  and  shape  of  the  other  curves. 


Figure  2.2 

2.2  Magnetic  Field  of  Twisted  Pairs 

Previous  work  on  unscreened  cables  by  Baranov^-’ 
has  shown  coupling  between  separated  pairs  to 
be  dominated  by  inductive  effects.  Of  particular 
importance,  the  z -directed  magnetic  field,  H(z), 
contributes  to  the  mutual  inductance  between  pairs 
for  well  balanced  pairs. 

H(z)  has  been  derived  for  a perfect  helix  of  fila- 
mentary equal  and  opposite  currents.  The  geometry 
and  quantities  used  in  the  pair  model  are  shown  in 
Figure  2.3. 


The  disturbing  magnetic  field  generated  by  the 
twisted  pair  is  a function  of  wire  gauge,  twist 
length  and  distance  from  the  disturbed  pair.  The 
current  induced  by  this  field  in  the  disturbed 
pair  is  also  a series  solution.  For  pairs  of 
equal  twist  length,  separated  by  a distance  C, 
which  is  much  larger  than  the  wire  separation  2a, 
the  equation  for  the  mutual  inductance  can  be 
simplified  to: 


) 


i 
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PARAMETERS  AFFECTING  H(z) 


Figure  2.4 

The  current  generated  in  tne  disturbed  pair  is 
then: 

I2  = JuWi2l, 

The  twist  phase  angle  between  pairs  is  a random 
variable  in  most  manufacturing  situations.  Re- 
ducing twist  length  can  for  most  orientations 
reduce  the  mutual  inductive  coupling.  For  unequal 
twist  lengths,  the  formula  describing  the  mutual 
inductance  is  significantly  more  involved;  however, 
the  same  parameters  of  twist  length  and  separation 
distance  are  dominant. 

2.3  Lffects  of  Intervening  Screen 

When  the  screen  is  placed  between  crosstalking 
pairs,  the  mutual  inductance  is  reduced.  For 
direct  coupling  through  the  screen,  the  H(z) 
field  is  reduced  due  to  the  shielding  effect  of 
the  screen.  For  crosstalk  coupling  around  the 
screen,  tne  coupling  path  is  extended  around  the 
screen-shield  yap  and  the  Hlz)  field  is  attenuated 
in  the  thin  gap.  This  around-screen  coupling  path 
will  be  described  first.  Then  the  reduction  in 
field  strength  (and  mutual  inductance)  caused  by 
tne  interventing  shield  material  will  be  covered. 


2.3.1  Screen  Leakage  Model 

The  gap  between  the  screen  and  cable  shield  has 
been  modeled  as  a parallel  plate  waveguide  with 
gap  opening  "b"  and  depth  of  screen  wrap  "d"  as 
shown  in  Figure  2.1.  The  following  assumptions 
are  made  in  this  model: 

1.  The  gap  opening  is  sufficiently  thin  that 

the  field  is  constant  in  the  angular  direction 
and  the  opening  of  the  gap  is  everywhere  a 
distance  to  from  the  pair.  This  allows  a 
transfer  intc  rectangular  coordinates  to  de- 
scribe the  field  behavior  in  the  gap. 

2.  Field  penetration  into  the  metallic  screen  and 
cable  shield  forming  the  gap  is  limited  to  one 
skin  depth.  This  effectively  widens  the 
screen-shield  opening  at  lower  frequency. 

3.  Without  loss  of  generality,  we  can  assume 
(t  = 0.  The  helix  angle, is  then  pro- 
portional to  the  twist  V frequency  of 
the  pair. 

From  the  source  geometry,  we  know  the  field  in  the 
gap  to  be  periodic  in  Z.  The  magnetic  field 
normal  derivative  Hx  must  go  to  zero  at  the 
screen  and  shield  boundaries.  Use  of  the 
Helmholz  equation  to  determine  the  field  in  the 
source-free  gap  region  will  lead  to  a series 
solution  for  oropagation  modes  within  the  screen- 
shield  gap. 

Applying  the  Helmholz  equation  with  the  above 
boundary  conditions,  (v^+6^)  H(z)  = 0,  the 
solutions  for  modes  in  the  gap  are:’ 

^(zlF^Nm  cos^p^  ) cos(  ^-x)  e’‘^nm'l 
n=l,3,5...tr  = l,3,5... 

where  t^m  propagation  constant  for  the 

shield  and  screen  structure. 

For  the  screened  cable  dimension  and  frequencies, 
uj^pes<iLi  and  the  propagation  constant  simplifies 
to: 

• ^(r)*  • ( rf 

All  modes  are  below  the  cutoff  frequency  of  the 
screen-shield  gap  and  are  evanescent  modes,  lead- 
ing to  attenuation  of  the  field  within  the  screen- 
shield  interface.  This  basic  model  predicts  that 
crosstalk  coupling  around  the  screen  will  decrease 
for  thinner  screen-shield  gaps,  extended  wraparound, 
and  shorter  twist  lengths.  Data  presented  in 
Section  III  displays  these  NEXT  characteristics. 

In  addition  to  the  loss  within  the  gap,  the  cross- 
talk must  couple  from  the  disturbing  pair  to  the 
gap,  thru  the  gap  and  from  the  gap  to  the  disturbed 
pair.  A complete  description  of  this  process  is 
beyond  the  scope  of  this  paper. 
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<!.3.2  Tnrouqh  Screen  Couulinc; 


The  primary  crosstalk  mechanism  at  low  frequencies 
is  directly  through  the  screen  material.  The  re- 
duction in  magnetic  field  strength  by  reflec- 
tions from  and  absorption  by  an  intervening  metallic 
barrier  has  been  discussed  and  described  in  a con- 
siderable body  of  1 iterate  re.  Using  the 

approach  described  by  Shelkunoff  for  shielding  of 
coaxial  cables,  the  reduction  in  magnetic  field 
strength  can  be  described  using  three  parameters: 
absorption  loss  (A),  reflectiori  loss  (R),  and  re- 
reflected loss  (H)  in  thin  shields. 


This  shielding  loss  S is  defined  as  the  ratio: 


S = 20  kog^Q 


Hn 


where: 


Ho  = 


Hi  = 


R = 


magnetic  field  intensity  on  the 
disturbing  side  of  the  screen 
magnetic  field  intensity  on  the 
shielded  side  of  the  screen 
A + R + t) 
absorption  loss 
8.686  \ Kpfg  ■ t 
reflection  loss 

^2■ 


(8) 


= 20  Logio 


4K 


(9) 


N = 


re-reflection  loss 
(K- 


K = 


20  Log^Q 
ju)pp/\  jojuo 


1 - 


(IW 


2 

7® 


■2\t 


(10) 


(11) 


and: 


/ 


A = 


material  permeability 
material  conductivity  = l/o 
2i:f,  f = frequency 
propagation  constant  in  the  metal 
(l+j)\  rpfg 
screen  thickness 
pair-to-screen  distance 


(12) 


For  this  analysis,  N is  very  small  and  does  not 
affect  NEXT  coupling. 


Figure  2.5  shows  tiie  calculated  absorption  loss  A 
and  the  complete  shielding  loss  S for  a 4 mil 
aluminum  screen  witn  pairs  located  0.10  inches  and 
l.OU  inches  from  the  screen.  The  reflection 
loss  is  the  largest  portion  of  S and  increases 
with  distance  from  the  screen.  The  absorption 
loss  is  smaller  and  independent  of  pair  position. 
Therefore,  those  pairs  nearest  the  screen  benefit 
least  from  the  overall  shielding  of  the  screen 
material . 
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Figure  2.5 

2.3.3.  Laminated  Screens 


Since  the  reflection  loss  is  dependent  upon 
location  in  the  core,  improvement  of  the  worst 
pair  coupling  can  only  be  achieved  by  increasing 
the  absorption  loss  or  by  laminating  the  screen 
material  to  provide  metallic  interfaces  for 
reflections  within  the  screen  material.  At  the 
metallic  interfaces  of  a laminated  screen, K 
is  given  by:  r 

The  reflections  within  the  screen  material  now 
are  independent  of  location  in  the  core. 


Figure  2.6  displays  the  shielding  provided  by 
various  screen  materials  for  a pair  located  1/2 
inch  from  the  screen. 
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Figure  2.6 
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The  relative  positions  of  honioyeneous  screen  The  transmitting  group  is  located  at  the  knee  in 

materials,  copper  .steel  .and  aluminum  will  shift  the  screen  at  all  three  frequencies, 

with  changing  distance  between  pair  and  screen. 

Although  the  overall  shieldir.g  of  the  laminate  Crosstalk  coupled  directly  through  the  screen 

is  reduced  for  pairs  immediately  adjacent  the  dominates  at  150  kHz.  Crosstalk  through  the 

screen,  the  shielding  is  still  better  than  any  of  screen  decreases  3 dB  from  150  kHz  to  6.3  MHz. 

the  homogeneous  materials.  Crosstalk  coupling  should  increase  26  dB  over  this 

frequency  range.  The  calculated  shielding  loss 
for  4 mils  of  aluminum  increases  34  dB  for  a pair 
111.  SCRLbNED  CABLE  DATA  3/8  inch  from  the  screen.  For  coupling  through 

the  screen,  the  increased  pair  susceptibility  is 

Tne  purpose  of  the  preceding  magnetic  field  models  offset  by  the  increased  shielding  of  the  screen 
is  to  provide  a qualitative  framework  for  analysis  material, 
of  crosstalk  data  to  be  presented.  Unfortunately 

Near-tnd  Crosstalk  data  are  not  readily  divisable  Within  the  same  frequency  range,  crosstalk  coupling 

into  "leakage"  and  "direct"  coupling,  though  via  screen  leakage  does  increase  linearly  with 

generally,  the  trends  in  NLXT  are  predicted  by  frequency  and  begins  to  dominate  near  3.0  MHz. 

tne  models  of  crosstalk  coupling  described  in 

Section  11.  When  the  gap  between  screen  and  cable  widens  - 

as  occurs  in  a PASP  type  sheath  - crosstalk 

3.1  NLXT  behavior  with  Frequency  coupling  via  screen  leakage  begins  to  dominate 

at  lower  frequencies.  Figure  3.2  shows  the 

The  descriptions  of  M.xr  coupling  provided  by  the  change  in  location  of  the  most  strongly  coupled 

models  predict  the  through  screen  coupling  to  de-  pairs  as  a function  of  frequency  for  600  pair 

crease,  and  the  leakage  coupling  to  increase  with  PASP  and  ASP  sheathed  cables.  Due  to  the  inner 
frequency.  Figure  3.1  shows  as  a function  of  fre-  Jacket  of  polyethylene  on  PASP,  the  gap  between 
quency,  the  levels  of  Power  Sum  crosstalk  coupling  shield  and  screen  can  be  as  much  as  5 times  as 

to  units  located  throughout  the  core  of  a 600  pair  wide.  At  6.0  MHz,  the  Power  Sum  NEXT  of  ASP  type 

table  with  120“  of  screen  wrap.  sheaths  is  2.0  to  5.0  dB  better  than  PASP  type 

sheath . 


150  kHz  1.6  MHz  6.3  MHz 

600  PAIR  SCREENED  CABLE  CROSSTALK  LEVELS 


Figure  3.1 
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Figure  Z.Z 

3.2  Twist  Length  Dependence 

The  NtXT  coupling  is  also  affected  by  the  pair 
twist  lengths  used  in  the  cable  construction. 
Figure  3.3  shows  the  regression  diagram  of  Power 
Sum  NEXT  vs  Twist  Length  for  a typical  22  gauge 
plastic  insulated  conductor  cable. 
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to  600  pair.  For  standard  unit  layups  the 
regression  slopes  were  1.6  to  2.0  dB  per  inch 
of  twist  and  correlation  coefficients  were  0.53 
to  0.65.  Using  typical  dimensions  for  a 600  pair 
ASP  type  cable,  the  model  discussed  in  Section 

2.3  predicts  a twist  dependency  of  1.7  to  2.3  dB 
per  inch  of  twist. 

Alteration  of  the  twist  scheme  used  in  cable  unit 
construction  can  improve  the  Near-End  Crosstalk. 

A pair  twist  scheme  based  oh  twist  frequency 
spacings  and  having  an  average  of  one  third  more 
twists  per  pair  foot  was  shown  to  improve  worst 
pair  NEXT  by  3.0  dB  at  1 .6  MHz. 

3.3  Through  Screen  Coupling 

From  the  theoretical  analysis,  it  appears  that 
metallic  lan.inate  screens  can  provide  improvements 
in  NEXT.  An  experimental  cable  with  a laminated 
screen  was  constructed.  Figure  3.4  shows  the 
improvement  in  worst  pair  Near-End  Crosstalk 
performance  over  a similar  cable  with  a 4 mil 
aluminum  screen.  This  improvement  in  worst  pair 
performance  is  significant,  particularly  for 
systems  sensitive  to  crosstalk  at  lower  frequen- 
cies. Improvement  in  worst  pair  performance  using 
homogeneous  materials  has  been  limited  to  the 
range  1.0  to  3.0  dB. 


F«COUENCY  (MHi) 

WORST  PAIR  CROSSTALK  IMPROVEMENT 
USING  LAMINATED  SCREEN 

Figure  3.4 
IV  CONCLUSIONS 

PCM  systems  currently  operating  on  screened  cables 
have  Nyquist  frequencies  of  772  kHz  and  1.544  MHz. 
To  improve  crosstalk  on  cables  designed  for  use 
at  772  kHz,  screen  penetration  considerations 
are  paramount. 


Figure  3.3 

This  dependence  of  NEXT  on  twist  length  has  been 
observed  on  several  cables  over  the  frequency 
range  150  kHz  to  6.3  MHz  and  for  cables  from  100 


To  effectively  reduce  the  coupling  directly 
through  the  screen  (1)  core  constructions  which 
space  pairs  from  the  screen  (2)  screens  which 
improve  shielding  performance  by  increased  con- 
diictivity  or  permeability  and  (3)  metallic  lamin- 
ates should  be  considered. 
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For  full-fill  ct'eration  of  systen,s  at  1.54'i  KHz, 
the  screen  penetration  and  leakage  mechanisms 
are  atout  equal.  Imprcvements  ir  NEXT  coupling 
at  higher  frequercies  can  be  achieved  by 
extending  the  screen  wrap, particularly  on  PASP 
sheaths. 

At  all  frequencies,  shortening  the  twist 
length  will  in.prove  NEXT  performance. 
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ABSTRACT 

This  paper  shows  how  it  is  possible  to  repre- 
sent realistic  twisted  pair  cables  on  a com- 
puter and  how  crosstalk  may  be  accurately  cal- 
culated up  to  the  highest  frequencies  of  prac- 
tical interest.  Both  production  tolerances 
and  cabling  effects  are  taken  into  account. 

Results  show  good  agreement  with  general  be- 
haviour of  practical  twisted  pair  cables.  The 
model  predicts  that  most  of  the  crosstalk  ob- 
served in  practical  pair  cables  is  due  to  dev- 
iations from  ideal  twisting,  and  a consider- 
able improvement  of  far  end  crosstalk  may  be 
obtained  by  narrowing  production  tolerances. 

1.  INTRODUCTION 

The  Norwegian  Telecommunications  Administration 
and  two  Norwegian  cable  producers  are  develop- 
ing new  balanced  pair  cables  for  2nd  and  3rd 
order  PCM  systems  (120  and  ISO  telephone 
channels) . One  of  the  basic  problems  in  this 
work  is  to  control  crosstalk.  Thus  realistic 
and  accurate  crosstalk  models  are  needed. 

Better  crosstalk  models  will  also  be  important 
for  system  design  and  for  improving  other 
types  of  balanced  pair  cables. 

Crosstalk  in  practical  pair  cables  can  not  be 
successfully  calculated  from  nominal  electri- 
cal and  geometrical  parameters.  The  produc- 
tion processes  introduce  more  or  less  unavoid- 
able random  deviations  from  nominal  geometry 
which  cause  the  observ  J crosstalk.  Thus  a 
proper  description  of  the  cable  must  contain 
some  statistical  parameters  characterizing  the 
production  processes.  Describing  the  cable 
turns  out  to  be  an  essential  step  in  calculat- 
ing crosstalk  for  a balanced  pair  cable. 

Calculating  crosstalk  is  not  trivial  even  if 
the  cable  is  well  defined.  Existing  statis- 
tical methods  [10],  [12],  [13]  are  based  upon 
integrating  coupling  functions  along  the  cablci 
assuming  weak  coupling  between  pairs.  These 
calculations  are  relatively  fast  and  thus 
suitable  for  finding  optimum  twist  periods. 

On  the  other  hand  this  type  of  method  Involves 
several  rather  rough  approximations,  and  some 
amount  of  empirism  has  to  be  used  in  order  to 
obtain  fair  agreement  with  measurements. 

Significant  improvements  may  be  obtained  by 
solving  the  generalized  telegraph  equation 
numerically  (the  matrix  differential  equation 
characterizing  mutually  coupled  transmission 
lines) . This  is  done  by  dividing  the  cable  in 
short  elements  and  representing  each  part  of 
the  cable  by  an  N-port.  The  complete  cable  in- 
cluding terminations  is  calculated  by  multi- 
plying the  matrix  representations  of  each 


element.  In  principle  this  method  permits  us 
to  calculate  crosstalk  in  one  spesific  cable 
just  as  accurately  as  desired  by  using  suffi- 
ciently short  elements  and  using  sufficiently 
accurate  methods  for  calculating  the  coeffi- 
cients of  the  generalized  telegraph  equation. 

It  is  just  a matter  of  cost. 

Results  obtained  by  this  method  show  correct 
order  of  magnitude  for  both  far  end  and  near 
end  crosstalk,  and  variations  with  length  and 
frequency  are  in  agreement  with  practically 
experienced  variations.  Calculations  predict 
that  the  main  contribution  to  crosstalk  in 
practical  cables  is  caused  by  deviations  from 
ideal  twisting. 

2.  CABLE  GEOMETRY 

One  simple  and  widely  used  way  of  describing  a 
balanced  pair  cable  is  tliat  each  pair  rotates 
systematically  around  a fixed  point  in  the 
cross  section.  If  the  wires  are  just  going  to  I 

touch  each  other,  we  will  have  a cross  section 
as  shown  in  Fig.  1. 


Fig.  1.  Cross  section  of  a 7-pair  cable 
having  ideal  geometry. 

This  description  may  be  a fair  approximation 
for  starquad  cables  if  the  geometrical  para- 
meters are  properly  selected.  For  twisted 
pairs  such  a model  has  little  in  common  with 
the  cable  geometry  observed  in  practical 
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cables.  The  cabling  process  gives  a smaller 
cable  diameter  and  leaves  the  pairs  much 
closer  together  than  shown  in  Fig.  1.  This 
results  in  strong  mechanical  interaction  both 
between  pairs  in  the  same  cross  section  of  the 
cable  and  between  pairs  in  different  cross 
sections.  Calculation  of  the  wire  positions 
within  a narrow  cable  shearing  turns  out  to  be 
a very  complicated  threedimensional  problem 
governed  by  the  laws  of  mechanics.  In  order 
to  obtain  practical  results  we  have  to  intro- 
duce some  simplifications. 

Geometrical  measurements  [1]  show  that  each 
twisted  pair  moves  relatively  fast  within  the 
cross  section  as  we  move  along  the  cable.  The 
twist  angle  of  a twisted  pair  differs  from  the 
twist  angle  of  an  ideal  double  helix,  but  the 
difference  varies  relatively  slowly  along  the 
cable . 

Based  upon  this  observation  we  choose  to  treat 
the  twist  angles  separately  and  neglect  mec- 
hanical interaction  between  different  cross 
sections  of  the  cable.  The  wires  of  each 
twisted  pair  are  assumed  to  have  circular 
cross  section  and  constant  separation.  Sheat- 
ing  is  assumed  to  be  circular  and  its  diameter 
is  taken  from  measurements.  The  problem  is 
now  reduced  to  find  the  equilibrium  positions 
of  all  twisted  pairs  within  the  sheating.  We 
assume  that  this  equilibrium  is  obtained  by 
minimizing  the  total  deformation  of  insulation 
(minimizing  total  overlap  between  wires) . 

An  iterative  algorithm  is  used  to  solve  this 
probleir.; 

1)  The  points  where  the  wires  of  each  pair 
touch  each  other  are  placed  in  fixed  posi- 
tions. The  fixed  twist  angles  of  each  pair 
have  been  found  by  other  calculations. 

2)  Overlap  between  two  wires  and  between  a 
wire  and  the  sheating  is  calculated.  A 
displacement  vector  D is  calculated  for 
each  overlap  as  indicated  in  Fig.  2.  The 
displacement  vector  is  the  movement  of  each 
wire  which  is  needed  to  remove  the  overlap, 
lor  overlap  between  two  wires,  the  wires 
are  given  displacement  vectors  of  equal 
length  and  opposite  direction.  The  sheat- 
ing has  a fixed  position  so  that  for  over- 
lap against  the  sheating,  only  the  wire  is 
given  a displacement  vector  . The  dis- 
placement vectors  are  directed  along  the 
line  between  the  centers  of  the  correspond- 
ing circles. 

3)  The  vector  ,m  of  all  displacement  vectors 
for  the  two  wires  of  each  pair  is  calculat- 
ed. This  is  defined  to  be  the  displacement 
vector  of  each  pair. 

4)  The  two  wires  of  each  pair  are  both  given  a 
movement  equal  to  the  displacement  vector 
of  that  pair. 

5)  2),  3)  and  4)  are  repeated  until  equilib- 
rium is  reached. 


Fig.  2.  Overlap  between  two  wires  and  between 
a wire  and  sheating. 

The  algorithm  is  step  by  step  reducing  the 
total  overlap.  Because  only  interaction  bet- 
ween adjacent  wires  is  treated  directly,  a 
considerable  number  of  iterations  are  needed 
(for  instance  20)  in  order  to  simulate  the 
complicated  interaction  between  all  the  wires 
of  a cable.  On  the  other  hand  the  algorithm 
is  simple  and  well  suited  for  programming. 

In  Fig.  3 the  start  approximation  and  the  final 
result  is  shown  for  a 10-pair  cable. 
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b)  Final  result. 

Fig.  3.  Simulation  of  cabling  effects  in  a 
cable  having  10  pairs. 

In  a cable  having  ideal  geometry,  the  twist 
angles  of  each  pair  are  increasing  linearily 
along  the  cable.  In  practical  cables  devi- 
ations from  ideal  twist  angles  are  caused  both 
by  the  twisting  process  and  by  the  cabling 
effects.  Deviations  caused  by  the  twisting 
are  random,  and  deviations  in  different  pairs 
are  obviously  statistically  independent.  The 
cabling  effects  are  more  complicated.  Because 
a twisted  pair  transfers  a non  negligible  tor- 
que from  one  part  of  the  cable  to  another  part, 
the  angular  deformation  of  a pair  in  one  cross 
section  is  caused  by  mechanical  interaction 
with  adjacent  pairs  both  in  the  same  and  diff- 
erent cross  sections  of  the  cable. 

The  interaction  between  twisted  pairs  must 
contain  strong  elements  of  deterministic  nat- 
ure. Nevertheless  it  is  a fair  approximation 
to  describe  the  twist  angles  by  stochastic 
processes,  because  the  angular  deviations  are 
sums  of  large  numbers  of  independent  influences. 

The  resulting  twist  angle  of  pair  number  i is 
expressed  as: 

$^(x)  = s^x  + e^(x)  (1) 

s^  is  the  average  twist  frequency  of  pair  i 

X is  the  distance  along  the  cable 

9^(x)  is  the  deviation  from  ideal  twisting 

e^(x)  is  assumed  to  be  a stationary,  Gaussian, 

stochastical  process  having  zero  mean  and 
exponential  autocorrelation  function  [14]: 

R(t)4<0^(x)9^(x+t)  ••=o^^exp(  - ' T ! /Tq)  (2) 

is  the  mean  square  angular  deviation 
Tg  is  the  correlation  length 


Cabling  effects  will  produce  some  amount  of 
correlation  between  twist  deviations  in  ad- 
jacent pairs.  This  can  be  taken  into  account 
by  assuming  that  all  e^ix)  are  jointly  Gauss- 
ian. Measurements  [1]  indicate  that  this 
correlation  is  small  and  for  computational 
convenience  twist  deviations  0i(x)  in  differ- 
ent pairs  are  assumed  to  be  statistically 
independent . 

In  this  case  the  joint  probability  density 
function  of  deviations  for  one  pair  in  two 
cross  sections  is  given  by  Papoulis  [14]: 


p ( e , 0 2 : T ) =- 


2:iv/r^(0)-R^(t) 


exp 


r R(0)  (0j^^+02^)-2R(t)0j^92'' 
2(R^(0)-R^(t)) 


(3) 


0j^  = 9.(x) 

©2  = 0^(x+t) 


For  a given  deviation  0^^  the  conditional  pdf 
of  02  is  calculated: 


p(e,  0, ;:) 


P*ei, ~2'T)  ^ 7 R(0) 

’^*'‘1’  27r(R^(0)-R^(T)  ) 


' (R(0) 02-R(t) 0^) ^ 

exp: 2 2 i 

!_  2R(0)  (R^(0)-R^{t)  ) J 


A Gaussian  process  having  exponential  auto- 
correlation function  is  a first  order  Marcoff 
process.  Thus  the  process  is  uniquely  defined 
by  equation  ( 4 ) . 

In  our  simulation  the  cable  is  subdivided  in 
elements  of  equal  length.  The  angular  deviat- 
ion in  the  first  element  is  drawn  from  a Gaus- 
sian population  having  a one-dimensional  pdf 
p(6j^).  Deviations  in  preceding  elements  are 
drawn  recursively  using  the  transitional  pdf 
(4)  . 

In  practical  cables  almost  all  dimensions  have 
random  variations  around  their  nominal  values. 
Conductor  diameters  and  insulation  thickness 
are  of  particular  interest. 

Different  wires  in  one  cable  have  usually  pas- 
sed through  different  dies  and  different  ext- 
ruders. Unavoidable  adjustment  errors  cause 
small  differences  in  average  conductor  dia- 
meter and  insulation  thickness.  Production 
processes  also  generate  variations  along  the 
cable.  In  lack  of  accurate  measurements  the 
deviations  from  nominal  insulation  thickness 
and  nominal  conductor  diameter  of  each  wire 
are  assumed  to  be  independent,  stationary, 
Gaussian  stochastical  processes  having 
exponential  autocorrelation  function. 

Thus  variations  of  the  parameters  mentioned 
above  may  be  generated  from  random  distribut- 
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ions  in  the  same  way  as  deviations  from  ideal  y is  the  voltages  of  each  conductor  (relative 
twist  angles,  to  the  shield) 


I 


L 


We  have  described  only  one  way  of  generating 
realistic  representations  of  spesific  pair 
cables.  Real  cables  are  even  more  complicat- 
ed than  this.  Considerable  improvements  of 
cable  representations  may  probably  be  obtain- 
ed by  means  of  accurate  and  detailed  measure- 
ments combined  with  further  theoretical  stud- 
ies . 

3.  IMPEDANCE  AND  ADMITTANCE  MATRICES 


We  assume  piecewise  parallel  conductors  and 
homogeneous  permittivity  between  conductors. 
The  per  unit  length  capacitance  matrix  of 
each  cross  section  is  calculated  by  means  of 
a method  given  by  Singer  et  al  [2]  which  sim- 
ulates the  surface  charge  on  each  conductor 
by  consentrated  line  charges  inside  each 
conductor . 

In  most  cables  permittivity  varies  across  the 
cross  section.  We  use  an  average  permittiv- 
ity found  by  measurements  in  order  to  save 
computing  time.  More  realistic  methods  are 
available  at  the  cost  of  increased  computing 
time.  Clements  et  al  [3]  calculate  the  cap- 
acitance matrix  of  dielectric  coated  cylindr- 
ical conductors,  and  Lenahan  [4]  describes  a 
method  for  calculating  cables  having  parallel 
wires  coated  with  two  layers  of  insulation 
(foamed  skin). 

For  lossless  and  parallel  conductors  and 
homogeneous  permittivity,  the  per  unit  length 
inductance  matrix  of  the  wires  is  proportion- 
al to  the  inverse  capacitance  matrix  as  shown 
by  Klein  [ 5 ] : 

L = u £ C"^  (5) 

~ o ~ 

C per  unit  length  capacitance  matrix  of  the 
~ wires 

permeability  of  vacuum 
permittivity 

Dielectric  losses  are  usually  negligible  for 
balanced  pair  cables,  but  can  be  taken  into 
account  by  means  of  a complex  permittivity. 

We  restrict  ourselves  to  frequencies  where 
the  skin  depth  is  considerably  smaller  than 
the  conductor  diameters.  In  this  case  the 
effect  of  finite  skin  depth  is  calculated  by 
means  of  Wheelers  incremental  inductance  rule 
[6]  which  has  been  extended  to  multipair 
cables  by  Alessandrini  et  al  [7]. 

By  means  of  one  additional  lossless  inductan- 
ce calculation  the  resistance  matrix  and  the 
matrix  of  inner  inductivities  are  calculated. 

4 . N-PORT  REPRESENTATION  OF  PAIR  CABLES 


A multipair  cable  can  be  described  by  the 
generalized  telegraph  equation: 


U = -7  I 

• X • ~ » 


(6) 


I is  a vector  containing  the  currents  of  each 
conductor 


Y is  the  admittance  matrix  of  the  cable  per 
~ unit  length 

Z is  the  impedance  matrix  of  the  cable  per  unit 
~ length  (usually  both  Y and  Z vary  along  the 
cable) . 

The  equation  has  been  solved  by  Rice  [8]  for 
parallel  wires  (constant  Y and  Z) . 

Voltages  and  currents  at  the  ends  of  a cable 
are  in  this  case  given  by: 


-►o 

I 

cosh  f £ ,sinh  ^ 

s: 

I 

sinh  f r'^  Z \ cosh  i r'^ 

Id 

-♦o 

~ o ~ . 

■^11 

^12' 

= A 

~21 

~22 

if. 

U and  I are  the  voltages  and  currents  at  the 
o o 

origin.  and  Ij,  are  the  voltages  and 

currents  at  the  termination.  I is  the  length 
of  the  cable. 


The  hyperbolic  functions  are  defined  by  the 
series : 


cosh  x£  = £ + ^ , + 

r 3,,3 

x£  X r 
sinh  x:'  = yr  + jT 


I is  the  unity  matrix 

r is  a square  matrix  representing  a generali- 
sation of  the  propagation  constant  defined  by: 


(9) 


is  a square  matrix  representing  a generali- 
zation of  the  characteristic  impedance,  and  it 
is  defined  by: 


Z = r'^z  = iy”^ 

-o  — --  ' 

Combining  (7),  (8),  (9)  and 

^ill  = i ^ ^ > 

~i2  ^ ^ iXX  * ^ 

p 3 j,  5 

~2i  " 'X  p'  xn,  p 

f ^ 2 

^22  = i ^ P ^ ^ P 


+ 

2 


+ 


(10) 


z + 

Y + 


(10) 
we  obtain: 


(11) 


A uniform  cable  may  be  regarded  as  an  N-port 
which  is  fully  described  by  tlie  A-matrix 
defined  in  (11).  If  the  cable-length  is 
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I 
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essentially  shorter  than  the  wavelength,  the 
series  in  equation  (11)  will  converge  rapidly 
so  that  only  a few  terms  are  needed  for 
numerical  calculations. 

Twisted  pair  cables  may  be  represented  by 
pieces  of  uniform  cdbles  if  the  wires  are 
approximately  parallel  with  the  cable  axis  and 
each  piece  is  essentially  shorter  than  the 
twist  periods.  Different  pieces  have  got 
different  A-matrices  as  indicated  in  Fig.  4. 


yi  y2  ys  yn  yn.i 


Fig.  4.  Different  cable  sections  connected  in 
cascade. 

The  resulting  A matrix  for  a complete  cable  is 
found  by  matrix  multiplication: 


= A,  • A-  • A 

'Hntl' 

= A 

Vi' 

~1  ~2  ~n 

il 

■Jn+1 

in+l 

5.  CALCUr.ATION  OF  CROSSTALK  IN  A CABLE 
HAVING  SPECIFIC  TERMINATIONS 

Each  end  of  a pair  is  assumed  to  have  an 
individual  termination  of  the  type  shown  in 
Fig.  5. 


Fig.  6.  Equivalent  terminations  for  one  pair 

Using  elementary  circuit  theory  the  relation- 
ship between  the  two  representations  is  found 


The  relationship  between  the  circuit  voltages 
<Jb.  Uu  and  the  wire  voltages  U^j^,  U^2 
Fig  5 is: 


■«b' 

- 

'1 

- 11 

■«cl' 

= M 

fu  n 1 

cl 

."u. 

1-a 

a 

.''c2. 

c2 

Using  this  notation,  the  relationship  between 
the  current  sources  of  Fig.  6 and  the  voltage 
sources  of  Fig.  5 can  be  expressed: 


Fig.  5.  Terminations  for  one  pair. 


FGj^+g,  -g' 

-1 

'■^b' 

-1 

■^b' 

= 

M 

= G M 

1 

^2. 

-G  .G,+G 

E 

E 

11  1 

u. 

Gp  is  the  conductance  matrix  for  the  termi- 
nations in  Fig.  6. 

A complete  cable  is  terminated  as  shown  in 
Fig.  7. 

The  A marrices  of  the  terminations  in  Fig.  7b 
are  given  by 


Unbalanced  terminations  may  be  taken  into 
account  by  using  a * ^,  and  the  voltage  source 
Ey  permits  us  to  excite  longitudinal  circuits. 
The  circuit  in  Fig.  6 is  electrically  equiva- 
lent to  the  one  in  Fig.  5,  but  the  latter  is 
more  convinient  for  our  calculations: 


i 2 

1 o' 

At  = 

~2 

G,  I 

Gt  I 

[~1  ~-J 

~2  ~ 

where  and  G2  are  the  conductance  matrices 
of  the  termination  networks. 


The  resulting  A matrix  for  the  complete  cable 
including  terminations  is  calculated: 


A = A,  A A, 

~ ~1  ~c  ~2 

A„  is  the  A-matrix  for  the  cable. 

-'C 


(17) 
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a)  Practical  terminations. 


in  the  receiving  end  may  be  expressed  as  a 
function  of  the  circuit  voltage  sources  E]^  in 
the  transmitting  end: 

U..  = M.,  aIJ  G,  E,  = F,  E,  (20) 


is  the  conversion  matrix  between 
conductor  voltages  and  circuit  vol- 
tages for  the  terminations  in  end  no. 
i of  the  cable  (i  = 1,2).  for  one 

pair  is  given  in  equation  (14). 

is  the  voltage  to  voltage  far  end 
crosstal’K  matrix  for  transmission 
from  end  1 to  end  2. 

Insertion  loss  for  circuit  number  i in  Fig.  7a 

is  defined  by: 


P,  . I 2U., . 

, ,,  , , li  max,  , 2i 

a^=10  lg(-p )=-20  lg|= 

2i  i li 


is  maximum  power  which  can  be  deliv- 
ered to  the  cable  from  the  voltage 

source  E, . . 

li 

P^.  is  power  dissipated  in  impedance  Z-.. 


j, 

t-0-^ 


All  termination  impedances  are  assumed  to  be 
real . 

Thus  insertion  loss  can  be  calculated  from 
element  number  li  of  the  F^-matrix: 


= -20  Ig 


b)  Equivalent  terminations. 

Fig.  7.  A complete  cable  including  termina- 
tions . 

The  equations  governing  the  conductor  currents 
voltages  are: 

U , = A,  , U - + A, . I. 

-•cl  ~11  -*c2  ~12  -*2 

(18) 

I,  = A-,  U - + A-,  I- 
-•1  ~21  -*02  ~22  -*2 

Transmitting  as  indicated  in  Fig.  7b  ^2  “ 2' 

Thus  the  conductor  voltages  in  the  receiving 
end  are: 


Usually  termination  impedances  for  balanced 
and  longitudinal  circuits  are  different,  and 
different  pairs  may  have  different  terminat- 
ions. Thus  it  is  advantageous  to  use  a power 
ratio  rather  than  a voltage  ratio  also  for 
tlie  definition  of  crosstal)c. 

We  define  equal  level  far  end  crosstall:  bet- 
ween disturbing  circuit  j and  disturbed 
circuit  i by: 

‘eLFEXT  lg(|^)=-20  Ig  p— (23) 

2]  I I3]  2i 

F,  . . is  element  number  ij  of  F, . 

1 13  ~1 

Conductor  voltages  in  the  transmitting  end  of 
the  cable  are  found  from  equation  (18). 

'^cl  = hn  A2I  I.i  (24) 

The  voltages  U|  across  the  termination  impe- 
dances in  fig. '‘■7a  are  tlie  differences  bet- 
ween the  circuit  voltages  y.  and  the  voltage 
sources  E,.  Using  the  extended  versions  of 
equation  T14)  and  (15)  we  find: 

y^=y^-Ej^=M^  Aj^j^  a”^  m”^  Ej^-Ej^=n^  e^^  (25) 


Uc2  - ^21  il 


We  are  interested  in  the  transmission  between 
the  different  circuits  in  Fig.  7a  . Using  a 
straightforward  extension  of  equation  (14) 
and  (15)  to  N wires,  the  circuit  voltages  U2 


is  the  voltage  to  voltage  near  end  cross- 
tal)<  matrix. 

In  correspondence  with  the  definition  of  in- 
sertion loss  and  far  end  crosstaDc  we  define 
near  end  crosstail?  between  disturbing  circuit 
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and  disturbed  circuit 
P, 


by; 


Ni;XT  ir^O  lg(^^)=-20  Ig  2N^  . / ^ 


(26) 


N, . . is  element  ij  of  N, . 
lij 

The  reflection  coefficients  at  the  input 
ports  can  be  calculated  from  the  diagonal 
elements  of  the  matrix: 


f'li  = .+1 

p, . is  the  reflection  coefficient  for 
^ circuit  i. 


The  A-matrix  also  contains  the  information 
about  transmission  in  the  opposite  direction 
of  the  cable. 


In  this  case  = 0.  Solving  equation  (18) 
we  find 


Hcl  ”-21  ~22 


yc2 


‘~12”~11  ~21  ~22’i2 


(28) 


The  near  end  and  far  end  voltage  to  voltage 
matrices  for  transmission  from  end  2 to  end  1 
are : 


!!i2  = -i5!2  ^22  S2 

~2  " ~1*~12"~11  ~21  -22*52  -2 


(29) 


6.  MODIFICATIONS  FOR  REDUCING  COMPUTING  TIME 


siderably  longer  than  the  correlation 
lengths  of  the  cable  geometry.  Twist  ang- 
les in  both  ends  of  each  section  are  app- 
roximately equal  in  order  to  avoid  discon- 
tinuities when  connecting  different  sect- 
ions in  cascade. 

2)  A complete  cable  is  constructed  by  connect- 
ing representative  cable  sections  in  cascade. 
Which  of  the  calculated  sections  we  are 
going  to  use  in  each  part  of  the  cable  is 
decided  by  means  of  a statistical  experi- 
ment where  each  section  is  selected  at 
equal  probability.  The  cable  is  represen- 
ted by  its  A-matrix. 

3)  Terminations  are  included  in  the  same  way 
as  in  chapter  5. 

If  only  one  representative  cable  section  is 
used  the  cable  becomes  periodical.  In  this 
case  near  end  crosstaDc  from  different  parts 
of  the  cable  tends  to  cancel  each  other,  while 
far  end  crosstaKc  increases  proportionally 
along  cable  length. 

Most  of  these  undesired  effects  disappear  if 
several  representative  cable  sections  are  used. 
Near  end  crosstaDc  and  multiple  crosstaDi  con- 
tributions add  up  from  contributions  having 
traveled  different  distances  along  the  cable. 
Thus  contributions  from  identical  sections  in 
different  parts  of  the  cable  havephase  differ- 
ences which  tend  to  be  more  or  less  random. 
Because  of  this  a cable  calculated  by  means  of 
representative  cable  sections  will  have  almost 
the  same  average  near  end  crosstaDc  as  a cable 
where  crosstal)?  couplings  in  different  parts 
of  the  cable  are  statistically  independent. 


We  have  described  a method  which  in  principle 
raalces  it  possible  to  simulate  a complete  cable 
including  terminations.  Calculating  impedan- 
ce matrices  for  each  element  of  a cable  leads 
to  unmanageable  computing  time  in  cables  hav- 
ing more  than  a few  pairs.  Several  methods 
may  be  used  to  reduce  the  computing  time. 

1)  Scaling  the  results  from  a short  piece  of 
cable. 

2)  Calculating  a few  cable  sections  and  buil- 
ding a cable  by  using  each  section 
several  times. 

3)  Generating  admittance  and  impedance  matri- 
ces from  random  experiments. 

6.1.  Scaling 


Direct  far  end  crosstaDc  from  different  parts 
of  the  cable  are  added  in  phase.  Because  of 
this  the  proposed  method  overestimates  direct 
far  end  crosstal)?  as  shown  in  appendix  1. 
Average  far  end  crosstal);  in  a cable  is  given 
by 


P=-10  Ig 


N(N+M-1) 


+ a' 


(30) 


ELFEXT  M ^ “ ELFEXT 

o'elfexT  average  direct  far  end  cross- 

talk in  a representative  cable  section. 


N is  the  total  number  of  cable  sections  con- 
nected . 


M is  the  number  of  different  representative 
cable  sections. 


In  a sufficiently  short  piece  of  cable  direct 
near  end  crosstalk  and  direct  far  end  cross- 
talk will  be  dominating.  Thus  average  direct 
far  end  and  near  end  crosstalk  may  be  trans- 
formed to  any  cable  length  using  methods  pub- 
lished by  Cravls  & Crater  [9].  Double  near 
end  crosstalk  and  other  indirect  contribut- 
ions to  crosstalk  may  be  scaled  as  indicated 
by  Holte  [10].  Each  circuit  must  be  termin- 
ated with  its  characteristic  impedance  in 
order  to  obtain  correct  results. 

6.2.  Representative  cable  sections 


For  large  cable  length  (large  N)  the  variation 
approaches  20  dB/decade  of  cable  length.  This 
differs  from  the  practically  experienced  10  dB 
/decade  variation  which  is  caused  by  statisti- 
cally Independent  couplings  in  different  parts 
of  the  cable. 

In  the  case  where  direct  far  end  crosstalk  is 
dominating,  equation  (30)  may  be  used  for  cor- 
rections. The  method  gives  approximately 
correct  results  at  frequencies  where  calculat- 
ed far  end  cross  talk  is  dominated  by  indirect 
crosstalk  contributions. 


The  following  method  has  been  used: 

1)  A small  number  of  cable  sections  are  cal- 
culated. Each  section  is  represented  by 
its  A-matrix.  Its  length  must  be  con- 


Using  more  sophisticated  scaling  it  is  pos- 
sible to  compensate  far  end  crosstalk  for  er 
rors  in  direct  crosstalk  at  all  frequencies. 
Averaging  a large  number  of  different  cables 
is  needed  to  find  reliable  estimates. 
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6,3.  Generating  capacitance  and  Inductance 
matrices  directly  from  random  experi- 
ments 

Crosstalk  coupling  per  unit  length  between 
two  lossless  transmission  lines  is  given  by 
Klein  [5]. 


Near  end  coupling: 

C.  . L.  . 

_ 13  .13 

^ ^ 

Ni] 


VC.  .C.  . 
11  33 


\/L  . .L  . . 
11  33 


Par  end  coupling: 
C.  . 

K . . = -iJ 

VC.  .c. . 

11  33 


VL.  .L.  . 
11  33 


(31) 


C.  . is  an  element  of  the  per  unit  length 
capacitance  matrix  of  the  transmission 
lines  C . 


L. . is  an  element  of  the  per  unit  length 

inductance  matrix  L'of  the  transmission 
lines.  ~ 


Using  this  method  the  process  of  calculating 
impedance  and  admittance  matrices  from  cable 
geometry  is  done  only  for  a limited  piece  of 
the  cable.  Thus  considerable  computing  time 
is  saved.  One  disadvantage  of  the  method  is 
that  deterministic  variations  of  coupling 
factors  have  been  neglected,  so  that  only  cab- 
les having  considerable  deviations  from  ideal 
geometry  can  be  calculated. 

7.  COMPUTER  PROGRAMS 

The  methods  described  have  been  implemented 
in  computer  programs  on  a Univac  1108  com- 
puter. All  programs  are  written  in  FORTRAN 
and  are  intended  for  use  up  to  ten  pairs. 

Computing  time  depends  strongly  upon  input 
data,  especially  the  number  of  pairs. 

Typical  CPU-time  for  one  cable  analysis  is 
between  1 minute  and  several  hours. 

Only  single  precision  arithmetic  is  used 
(36  bits) . Numerical  accuracy  is  sufficient 
for  most  problems  of  practical  interest. 

8 . RESULTS 


Notice  that  we  are  here  dividing  each  pair 
into  two  transmission  lines,  one  for  the  bal- 
anced exitation  and  one  for  the  longitudinal. 
Conversion  formulas  between  matrices  L and  C 
of  single  wires  and  matrices  L'  and  c"^  of 
transmission  lines  are  given  by  Klein  [5]. 

It  has  been  shown  by  Strakhov  [11],  and  the 
results  of  this  paper  confirm  that  determin- 
istic variations  of  < and  < due  to  ideal 
twisting  do  not  contribute*^  signif  icantly  to 
crosstalk  in  practical  cables.  Only  nonzero 
mean  values  and  statistical  variations  of 
coupling  factors  are  of  practical  importance. 

Correlation  lengths  of  the  geometrical  stoc- 
hastical  processes  in  the  cable  are  not 
longer  than  a few  twist  periods.  Twisting 
tends  to  make  the  correlation  between  coupling 
functions  in  different  cross  sections  smaller 
than  the  corresponding  geometrical  correlat- 
ion . 

Thus  a cable  may  be  simulated  by  short 
pieces  of  uniform  cables  where  coupling  in 
different  pieces  are  statistically  indepen- 
dent. Far  end  and  near  end  coupling  in  the 
same  pair  and  in  different  pairs  are  for 
simplicity  assumed  to  be  statistically  inde- 
pendent. All  coupling  functions  arc  sums  of 
a large  number  of  random  contributions  and 
are  thus  assumed  to  have  Gaussian  pdf. 

The  given  assumptions  make  it  possible  to 
draw  all  coupling  factors  in  a cable  from 
individual  Gaussian  distributions.  All 
elements  of  the  L'  and  C'  matrices  are  cal- 
culated from  the  coupling  factors.  Mean  and 
variance  of  each  coupling  factor  are  estimated 
from  a number  of  geometrically  simulated 
cables  in  such  a manner  that  average  direct 
crosstalk  remains  unchanged  when  using  this 
simplified  method. 


All  calculations  have  been  performed  for  a 
three  pair  cable  whose  cross  section  is  shown 
in  scale  in  fig.  8. 


Fig.  8.  A cross  section  of  the  3 pair  cable 
used  in  calculations. 


Other  specifications: 

Conductor  diameter 
Capacitance 
Attenuation  at  1 MHz 
Twist  periods 


0.62  mm 
24  nF/km 
8 dB/km 
Pj^  = 69  mm 

P2  = 95  mm 
Pj  =125  mm 


Results  show  that  realistic  variations  of 
conductor  diameters  do  not  affect  crosstalk. 
Thus  matrices  of  resistance  and  inner  induc- 
tivities are  assumed  to  be  constant  and  are 
estimated  by  averaging  calculated  matrices. 


The  cable  has  not  been  built  so  that  calcula- 
tions have  not  been  verified  by  measurements. 
Nevertheless  the  results  seem  to  be  in  good 
agreement  with  general  behaviour  of  balanced 
pair  cables. 
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By  using  3 pairs  both  the  complicated  mechan- 
ical interaction  as  well  as  the  electrical 
interaction  between  different  pairs  are  pres- 
ent. Thus  our  results  are  expected  to  bo 
representative  also  for  other  types  of  twist- 
ed pair  cables  having  a limited  number  of 
pairs . 

8.1.  Deviations  from  ideal  geometry 

The  first  calculations  are  performed  for  a 
cable  having  ideal  geometry,  that  is: 

- constant  twist  periods 

- constant  and  equal  conductor  diameters 
in  all  pairs 

- constant  and  equal  insulation  laickness 
in  all  pairs. 

The  mechanical  interaction  between  the  con- 
ductors is  taken  into  account  by  the  itera- 
tive algorithm  described  in  chapter  2.  Both 
balanced  and  longitudinal  circuits  are  ter- 
minated with  their  characteristic  impedances. 
The  result  is  shown  in  table  1. 

In  comparison  with  practical  cables  a 20-30 
dB  improvement  of  far  end  crosstalk  is  pre- 
dicted. It  is  of  course  impossible  to  reach 
this  type  of  ideal  geometry  by  moans  of  prac- 
tical cable  machinery,  but  it  is  demonstrated 
that  significant  crosstalk  improvement  can  be 
reached  by  narrowing  production  tolerances. 

In  the  next  step  we  investigate  the  impor- 
tance of  different  production  tolerances.  In 
each  calculation  only  one  of  the  following 
deviations  from  ideal  geometry  is  present. 

1)  Deviations  from  ideal  twist  angles.  The 
deviations  are  assumed  to  have  rms  value 
0=20°  and  correlation  length  -^=200  mm  in 
all  three  pairs. 

2)  Stochastic  variations  of  insulation  thick- 
ness. The  deviation  from  nominal  thick- 
ness in  each  wire  has  an  rms  value  o.  = 

6.8%  of  nominal  thickness  and  a corr^?- 

lation  length  t,  =1  m. 

^ in 

3)  Constant  differences  of  insulation  thick- 
ness. The  difference  between  insulation 
thickness  of  the  wires  within  a pair  is 
4.3%  of  nominal  insulation  thickness. 

4)  Stochastic  variations  of  conductor  dia- 

meters. The  rms  value  of  the  deviation 
from  nominal  conductor  diameter  is  o =5% 
and  the  corresponding  correlation  length 
is  This  tolerance  produces  0.5% 

resistance  unbalance  in  average  for  500  m 
of  cable. 

5)  Constant  differences  between  conductor  dia- 
meters. The  difference  between  the  dia- 
meters of  the  two  wires  in  a pair  is  1%  of 
nominal  diameter.  This  corresponds  to  1% 
resistance  unbalance. 

Different  deviations  have  been  roughly  esti- 
mated from  cable  measurements  and  are  assumed 
to  bo  within  correct  order  of  magnitude  for 
practical  cables.  This  accuracy  is  sufficient 
to  demonstrate  general  behaviour  of  pair 
cables.  It  is  of  greater  importance  that 
other  types  of  tolerances  have  not  been  taken 


into  account.  For  instance  the  present  model 
assumes  homogeneous  permittivity  and  thus 
omits  random  variations  of  permittivity  along 
a wire.  The  effect  of  random  variations  in 
permittivity  is  probably  similiar  to  the  ef- 
fect of  random  variations  on  insulation  thick- 
ness, and  may  be  taken  into  account  by  in- 
creased insulation  tolerances. 


1 NEXT 
(dB) 

j ELFEXT 
(dB) 

Ideal  geometry 

’ 73 

89  ; 

Deviations  from  ideal 
twist  angles 

61 

i 

69  , 

Stochastic  variations 
of  insulation  chickness 

i 70 

00 

Constant  differences  of 

1 insulation  thickness 

, 73 

91 

Stochastic  variations 
of  conductor  diameters  j 

72 

90 

Constant  differences 
between  conductor  diameters  | 

73 

89 

1 

All  tolerances  included 
in  one  cable 

62 

69  1 

Table  1.  Calculated  average  near  and  far  end 
crosstalk  at  1 MHz  for  cable  length 
500  m. 


The  calculations  have  been  performed  by  means 
of  the  method  in  section  6.2. 

The  results  of  table  1 are  obtained  by  aver- 
aging all  three  pair  combinations  in  only  one 
cable.  Thus  a tolerance  of  ±2  dB  must  be  con- 
nected to  each  of  the  calculated  numbers. 

The  results  show  that  the  main  contribution  to 
crosstalk  is  caused  by  deviations  from  ideal 
twist  angles.  Random  variations  in  insulation 
give  a small  contribution  to  crosstalk.  No 
significant  contribution  is  caused  by  the 
other  effects  considered  here. 

\ 

Our  calculations  also  indicate  that  far  end 
crosstalk  is  more  sensitive  to  deviations  from 
ideal  geometry  than  near  end  crosstalk. 

8.2.  Frequency  dependency 

A realistic  cable  is  assumed  to  have  all  the 
deviations  from  ideal  geometry  mentioned  in 
section  8.1.  A cable  of  length  200  m has  been 

simulated  by  means  of  the  method  in  section 

6.3.  The  frequency  dependency  of  crosstalk  in 
each  pair  combination  is  shown  in  fig.  0 and 
fig.  10. 

Near  end  crosstalk  exhibits  the  same  type  of 
fast  variations  with  frequency  as  measured  in 
real  cables.  Variations  of  far  end  crosstalk 
arc  also  in  accordance  with  typical  measure- 
ments. At  frequencies  where  direct  far  end 
crosstalk  is  dominating  the  curve  is  rather 
smooth,  because  all  contributions  are  added  in 
phase.  At  higher  frequencies  indirect  cross- 
talk contributions  become  significant,  and 
variations  similar  to  near  end  crosstalk  are 
produced . 
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T 


Fig.  9,  Near  end  crosstalk  for  different 
pair  combinations . 


(dB)  j pair  1-2 

I pair  1-3 

' pair  2-  3 


Fig.  10.  Far  end  crosstalk  for  different 
pair  combinations. 


All  pair  combinations  in  three  different 
cables  have  been  averaged.  For  near  end 
crosstalk  no  significant  deviations  from 
15  dB/decade  of  frequency  are  observed.  The 
part  of  the  cable  which  contributes  to  near 
end  crosstalk  is  reduced  when  frequency  in- 
creases because  of  increased  attenuation. 

Thus  the  near  end  crosstalk  mechanism  is  the 
same  at  all  frequencies  of  interest.  The 
result  for  far  end  crosstalk  is  shown  in  fig. 
11  for  cable  length  200  m. 


Holte  [10]  for  double  near  end  crosstalk. 

This  shows  that  more  complicated  types  of 
indirect  crosstalk  are  present.  Longitudinal 
circuits  play  an  important  role  in  connec- 
tion with  indirect  crosstalk  because  their 
attenuation  may  be  lower  than  t.ie  attenuation 
of  the  balanced  circuits. 


(dB)  f . 


Fig.  11.  Average  far  end  crosstalk  as  a 
function  of  frequency. 

The  results  show  up  to  4 dB  difference  bet- 
ween the  case  where  all  longitudinal  circuits 
are  properly  terminated  and  the  case  where 
longitudinal  circuits  are  left  open.  Thus  it 
is  advantageous  to  terminate  longitudinal 
circuits  at  frequencies  above  5 MHz. 


8.3.  Variations  of  crosstalk  versus  cable 
length 

Average  far  end  crosstalk  in  three  cables  has 
been  calculated  for  different  cable  lengths. 
The  result  is  shown  in  fig.  12. 

At  1 MHz  deviations  from  the  usual  10  dB/de- 
cade variation  are  insignificant.  Higher 
frequencies  show  steeper  variations  with 
cable  length.  This  is  probably  due  to  mul- 
tiple crosstalk  coupling  combined  with  ' ower 
attenuation  in  longitudional  circuits.  It  is 
demonstrated  that  scaling  of  measurements 
from  one  cable  length  to  another  at  high 
frequencies  must  be  performed  with  great  care. 


Far  end  crosstalk  follows  the  experienced 
20  dB/decade  variation  with  frequency  up  to 
10  MHz.  At  higher  frequencies  the  frequency 
dependency  is  much  steeper,  and  it  is  even 
steeper  than  35  dB/decade  calculated  by 


437 


ELFEXT 


Longitudinal  circuits; 


terminated 


o open 


1 MHz 


500  1000  2000  (m) 


Fiq.  12. 


Average  far  end  crosstalk  as  a 
function  of  a cable  length. 


9.  CONCLUSION 


An  accurate  method  for  calculating  crosstalk 
in  balanced  pair  cables  has  been  presented. 
The  method  calculates  specific  cables,  and  it 
is  shown  how  a realistic  cable  may  be  repre- 
sented on  a computer.  Both  cabling  effects 
and  production  tolerances  are  taken  into 
account . 


Necessary  computing  time  is  large  and  in- 
creases rapidly  for  increasing  number  of 
pairs.  The  method  can  be  used  for  crosstalk 
calculations  in  cables  having  up  to  ten 
pairs  by  introducing  a few  simple  modificat- 
ions . 


Calculations  have  been  performed  only  for  a 
simulated  cable  containing  J pairs,  but  the 
results  show  full  agreement  with  the  general 
relationships  observed  in  practical  cables. 
Both  near  end  and  far  end  crosstalk  show 
correct  order  of  magnitude  and  correct  vari- 
ations with  cable  length  and  frequency.  Thus 
the  model  is  a realistic  representation  of  a 
real  cable. 


Results  show  that  far  end  crosstalk  in  the  3 
pair  cable  for  frequencies  above  10  MMz  in- 
creases much  faster  than  20  dB/decade  with 
frequency  and  10  dB/decade  with  cable  length. 
It  is  also  predicted  that  the  main  contri- 
bution to  crosstalk  in  practical  cables  is 
caused  by  deviations  from  ideal  twisting,  and 
that  a 20  dB  improvement  of  far  end  crosstalk 
at  1 MHz  may  be  reached  by  narrowing  the  pro- 


duction tolerances. 


The  model  may  bo  used  for  different  purposes. 
Results  obtained  by  means  of  loss  accurate 
methods  can  be  checked.  The  model  makes 

it  possible  to  look  into  many  of  the  mechan- 
isms present  in  balanced  pair  cables.  Pro- 
duction tolerances  may  be  varied  and  even  set 
to  zero.  Many  experiments  of  this  typo  would 
bo  expensive  or  impossible  to  carry  out  using 
practical  cables  in  the  laboratory.  By  moans 
of  this  method  we  intend  to  reduce  the  neces- 
sary number  of  prototype  cables  in  the  devel- 
opment of  a new  cable. 
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APPENDIX  1 


Direct  far  end  crosstalk  voltage  Xq.  in  a 
cable  is  the  sum  of  crosstalk  contributions 
from  each  element  of  the  cable 
N 

x„  = ^ X (1.1) 

i=l  ^ 

Each  element  has  been  drawn  at  equal  probabil- 
ity among  M representative  elements.  Far  end 
crosstalk  contribution  y.  from  each  represen- 
tative element  has  zero  Aean  and  variance  o2, 
and  different  elements  are  statistically 
independent . 

If  n^  specimens  of  element  number  i have  been 
chosen  the  sum  is: 

M 

’‘t  " ^ "i^'i 

i=l  ^ ^ 


E(x^) 


(N+M-1)N  2 

S O 


Average  crosstalk  in  dB: 


(1.6) 
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For  a given  choice  of  representative  elements 
the  average  crosstalk  power  is: 


M M 


x;=  i ) 

^ i=i  j=i 


= I "i  V?  = I a 


i=l 


i=l 


(1.3) 


The  probability  of  selecting  exactly  i 
specimens  of  a specific  representative  ele- 
ment is  given  by  the  binominal  distribution: 


M 1 i M 1 N-i 

p = (i)  ) 

i 'i'  'm'  ' M ' 


(1.4) 


Averaging  (1.3)  over  all  possible  choices  of 
representative  cable  elements,  mean  crosstalk 
power  is  found: 


i = 0 


>2-2_  o ^ ^ (N)  (M-1)'^"’-!^ 

i = l 


(1.5) 


By  means  of  numerical  calculations  we  have 
found  that  this  sum  equals: 
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Abstract 

Each  coraponent  of  a subscriber  loop  circuit 
exhibits  certain  unbalance  properties.  The 
Intei’actlon  of  the  series  resistive  and 
shunt  capacitive  unbalances  of  the  wire 
pair  are  studied,  assuming  perfectly 
balanced  terminations.  A Monte  Carlo 
approach  is  used  to  generate  statistical 
data  on  subscriber  loop  balance  for  large 
variations  in  the  statistics  of  the  un- 
balance parameters.  It  is  shown  that 
random  splicing  of  cable  reels  improves 
the  noise  performance  of  installed  cable. 
Computed  balance  levels  are  in  excellent 
agreement  with  measurements  made  on  cable 
installed  in  the  field. 

Introduction 

Each  component  of  a subsci’lber  loop  circuit 
exhibits  certain  unbalance  properties.  A 
program  is  underway  to  understand  how  these 
unbalances  affect  overall  noise  perform- 
ance. The  long  term  objective  of  the 
study  is  to  determine  if  the  present 
balance  requirements  for  components  are 
reasonable  and  to  determine  the  costs  of 
meeting  noise  objectives. 

As  part  of  this  study,  the  interaction  of 
the  various  unbalances  in  the  loop  circuit 
has  been  investigated.  It  is  Important  to 
determine  the  contribution  of  each  com- 
ponent to  the  overall  noise  performance. 

A statistical  model  has  been  developed  as 
a necessary  st-'p  in  characterizing  the 
economic  impact  of  balance  requirements 
and  noise  objectives. 

The  loop  circuit  consists  of  a wire  pair, 
terminated  at  the  central  office  (CO;  on 
one  end  and  the  customer  station  set  at  tiie 
other.  Two  types  of  wire  pair  unbalances 
are  relevant;  the  series  resistive  un- 
balance an.i  the  shunt  capacitive  unbalance 
(to  ground).  The  battery  supply  relay  at 
the  CO  can  have  both  resistive  and  induc- 
tive unbalances  in  the  two  relay  windings. 
The  blocking  capacitors  located  at  the  CO 
can  also  he  unbalanced. 

At  the  customer  location,  unbalances  to 
ground  can  usually  be  Ignored  since  there 
is  normally  no  Intentional  path  to  ground 


there.  However,  if  one  of  the  protectors 
at  the  customer  location  developes  a 
leakage  path  to  ground,  a performance- 
degrading  effect  can  i-esult.  Ringers 
associated  with  party  lines  can  also 
result  in  performance-affecting  un- 
balances at  the  customer  location. 

Normally  the  customer  termination  has  a 
large  Impedance  to  ground.*  This  large 
Impedance  is  essential  in  order  to  limit 
the  currents  to  ground.  When  these 
currents  ai'e  too  large,  unbalance  effects 
in  the  loop  circuit  are  magnified,  and 
subscriber  noise  Increases. 

This  paper  focuses  on  wire  pair  unbal- 
ances. T)ie  interaction  of  the  resistive 
series  and  the  shunt  capacitive  unbal- 
ances are  investigated  assuming  that  there 
are  no  unbalances  at  the  terminations  at 
either  end  of  the  loop  circuit  --  neither 
at  the  CO  nor  at  the  customer  location. 

A statistical  model  based  on  normal  dis- 
tributions f ^ r both  the  resistive  and 
capacitive  unbalances  is  developed.  A 
Monte  Carlo  approach  is  used  to  generate 
the  statistics  of  metallic  noise  present 
at  the  customer  station  set.  Cumulative 
distributions  of  this  noise  data  are  pre- 
sented for  wide  ranges  of  both  resistive 
and  capacitive  unbalance  parameters.  As 
a test  case  of  the  applicability  of  the 
model,  measurements  made  on  new  cable 
Installed  at  North  Madison,  Connecticut, 
are  anal.vzed. 

Theoretical  Approach 
Deterministic  Model 

The  solution  of  any  circuit  problem,  such 
as  the  circuit  of  Interest  in  this  study 
(Figure  1),  Involves  the  solution  of  a 
system  of  dlfforontlal  equations  subject 
to  certain  boundary  conditions.  In 
inductive  interference  problems,  the 
dependent  variables  of  Interest  .are  the 
longitudinal  voltages  and  currents 
(between  tip  and  rlnt  to  ground),  and  the 


The  olijectlve  Is  in  Me. 


r 
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metallic  or  difTerentlal  mode  voltap;es  and 
currents.  The  conversion  of  longitudinal 
signals  resulting  from  power  line  induction 
Into  metallic  signals  by  means  of  unbal- 
ances present  In  the  circuit  Is  known  as 
longl t udlnal-to-metal 11c  conversion  (L/M). 

One  technique  for  the  solution  of  L/M 
problems  Is  application  of  cascaded  circuit 
theory. 1 In  this  theory  the  Ic  gltudinal 
and  metallic  (LM)  response  at  t ue  far  end 
of  a cascade  of  linear  components,  under 
arbitrary  conditions  of  e.xposure  and  com- 
ponent unbalance  Is  found  in  terms  of  the 
LM  response  at  the  near  end.  The  theory 
reiuires  that  the  electrical  character- 
istics of  each  component  of  the  cascade 
be  known.* 


the  ends  of  the  line  which 
from 
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For  a single  component,  such  as  the  wire 
pair  under  consideration  in  Figure  1,  no 
cascading  formulas  are  repilred.  The 
solution  to  this  circuit  problem  is 
ol:talned  by  solving  the  following,  differ- 
ential equations  written  In  matrix 
notation: 
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This  equation  has  the  general  forti 

At(x)  = AT(x)  t E(x) 

The  solution  of  the  Initial  value  problem 
for  a wire  pair  of  length  1 Is 


T(J)  = e 


Ad 


T(0)  + 


^-AXg(^ )dx 


JO 


(2) 


whore  the  matrix  exponential  e*  Is  the 
state  transition  matrix  of  (1).^  In  our 
problem,  the  boundary  conditions  are 
obtained  by  expressing  Ohm's  Law  at  each 
terminal.  This  enables  us  to  eliminate 
current  as  an  unknown,  resulting  In  a 
2-polnt  boundary  value  problem.  The 
unknowns  are  the  longitudinal  voltages  at 


a system  of  four  linear  equations  In  the 
four  unknown  voltages.  Solution  of  this 
system  of  equations  Is  further  discussed 
In  Appendix  A. 

All  Impedanci  s at  the  CO  and  at  the 
customer  location  In  Figure  1 are  assumed 
to  be  perfectly  balanced.  The  only 
unbalances  in  the  circuit  are  the  series 
resistive  unbalance  a.nd  the  shunt  capacl- 
t Ive  unbalance  of  the  wire  pair,  AR  in 
i2/nl  and  Af  In  pF/ml , respectively:* 


AC 


'2e 


C 


Ig 


Here  the  subscripts  1 and  2 refer  to  the 
two  wires  of  the  pair  and  R and  C are  the 

g 

resistance  in  S2/mi  and  the  capacitance  to 
ground  in  pF/mi , respectively. 


The  power  Influence  is  assumed  to  be 
uniformly  distributed  throughout  the 
exposure  for  each  frequency  of  the  power 
spectrum.  The  magnitude  of  the  exposure 
at  each  frequency  was  chosen  in  accordance 
with  a noise  survey  conducted  in  1972.3 
The  assumed  "canonical  spectrum,"  based 
on  this  survey  contains  only  the  funda- 
mental and  the  odd  Iiarmonics 
thereof,  aqd  shows  the  voltage  falling 
off  as  l/N"-  from  the  60  Hz  voltage,  where 
N Is  the  order  of  the  harmonic. 


The  computer  program  calculates  the  LM 
response  at  the  ends  of  th  -Ircult  at 
eacli  frequency  in  the  spectrum  of  the 
exposure.  The  noise  across  the  customer 
telephone  set  is  expressed  In  terms  of  a 
balance  level  (loop  or  circuit  balance 
In  dB)  which  Is  defined  as 


« 

The  output  LM  responses  are  given  In 
terms  of  the  Input  LM  responses  and  the 
exposure  to  which  the  comnonent  is 
sub.l  ected . 


1 wC 


Ig 


etc . 
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bal(dB)  = 20  log 


where  v..  and  v,  are  the  magnitudes  of  the 
ML 

metallic  and  longitudinal  voltages, 
respectively,  at  the  customer  location. 

The  human  ear  is  more  sensitive  to  some 
noise  frequencies  than  to  others.  Such 
differences  in  the  human  ear  response  as 
well  as  differences  in  the  response  of  the 
telephone  set  are  taken  into  account  by  so- 
called  C-message  weighting.  Appendix  B 
contains  a short  discussion  of  C-message 
weighting  and  aescrlbes  how  C-message 
weighted  metallic  and  longitudinal  volt- 
ages, and  are  computed  from  the 

single  frequency  results.  A new  balance 
level  (loop  or  circuit  balance  in  dB, 
C-raessage  weighted)  is  now  defined  which  is 
Independent  of  frequency  and  which  is 
representative  of  the  effective  noise  at 
the  customer's  telephone  set: 


BAL(dB,  C-message)  = 20  log^J 


Large  values  of  balance  number,  BAL, 
correspond  to  a well-balanced  circuit  with 

V..'  small  (low  subscriber  noise)  in 
M 

comparison  to  V, ' . C-message  weighted 

balance  numbers  are  plotted  in  Figure  2 
as  a function  of  capacitive  unbalance,  AC. 
Each  curve  corresponds  to  a fixed  value  of 
resistive  unbalance,  AR. 

Statistical  Model  - Monte  Carlo  Method 

The  deterministic  model  provides  the  answer 
to  the  following  question:  A su'^scriber 
loop  consists  of  a wire  pair  with  fixed 
values  of  resistive  and  capacitive  un- 
balance and  no  other  unbalances  in  the 
loop;  what  is  the  balance  of  the  circuit, 
and  what  subscriber  noise  would  one  expect 
to  find  in  a given  inductive  environment? 

A more  Important  problem  is  the  following: 
Using  the  statistics  of  resistive  and 
capacitive  unbalance  for  multipair  cables, 
determine  the  statistics  of  loop  balance 
and  customer  noise  for  the  subscriber 
loop. 

A simplified  flow  diagram  of  the  statistical 
procedui'e  is  shown  in  Figure  3.  The  method 
uses  the  deterministic  model  as  its  found- 
ation as  values  of  loop  balance,  .or  fixed 
values  of  AR  and  AC,  are  computed  and 
stored.  These  fixed  values  of  AR  and  AC, 
are  selected  by  the  computer  according  to 


prescribed  probability  distributions.* 

For  the  purpose  of  the  analysis,  repre- 
sentative distributions  were  chosen. 

After  enough  values  of  loop  balance  have 
been  generated,  the  stored  data  is. 

Itself,  statistically  analyzed.  This 
procedure  of  problem  solving  comes  under 
the  general  heading  of  Monte  Carlo 
simulation. ^ 

Two  Important  aspects  of  the  Monte  Carlo 
technique,  as  employed  here,  will  now  be 
examined.  The  first  of  these  is  the 
normality  of  the  computer-selected  values 
of  AR  and  AC.  The  question  is  — are  the 
computer-chosen  values  normally  distrib- 
uted, with  the  correct  meat,  and  standard 
deviation?  The  second  aspect  concerns  the 
convergence  of  the  final  loop  balance  or 
noise  distribution  to  its  "true"  distrib- 
ution; how  many  iterations  or  data  points 
are  required  to  obtain  a given  desired 
accuracy? 

Computer-generated  values  of  resistive 
unbalance  are  p'lotted  on  probability 
paper  in  Figure  A.  The  computer  was 
programmed  to  generate  values  of  AR 
normally  distributed  about  a mean  of 

zero  and  having  a standard  deviation  a_ 

n 

of  2.2  f!/ml.  The  computer-generated  data 
approximates  a normal  distribution 
(straight  line  fit)  with  a mean  and  a 
standard  deviation  of  .OA  fl/ml  and  2.l8 
S2/ml , respectively.  The  sensitivity  of 
loop  balance  to  variations  in  AR  and  AC 
does  not  require  any  closer  agreement 
than  is  achieved  here. 

For  the  question  of  convergence,  cumula- 
tive distributions  of  loop  balance  are 
plotted  In  Figure  5,  for  the  first  25, 

50,  100  and  200  data  points.  The 
standard  deviation  for  the  resistive  and 
capacitive  unbalances  are  2.2  0/mi  and 
100  pF/kft , respectively.  Changes  of 
about  0.5  dB  result  from  Increasing  the 
number  of  data  points  from  100  to  200. 

On  the  basis  of  these  and  similar  curves 
for  other  unbalance  parameters,  it  was 
decided  to  use  100  data  points  to  generate 
loop  balance  distributions.  The  balance 
numbers  read  from  such  curves  are  estima- 
ted to  be  accurate  to  wlttiln  *0.5  dB. 


,‘iormal  probability  distributions  about 
zero  mean  values  were  initially  chosen. 
This  choice  is  excellent  for  resistive 
unbalances.  It  is  also  a good  assump- 
tion based  on  an  analysis  of  a small 
sample  of  capacitive  unbalance  data.  It 
has  also  been  assumed  that  resistive  and 
capacitive  unbalances  are  independent. 
These  assumptions  are  not  limitations  of 
the  computer  simulation;  other  distribu- 
tions can  be  handled  equally  well. 
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Results  anJ  Discussion 

Cumulative  Jlstrlbut Ions  of  subscriber 
noise  can  now  be  obtained  for  the  sub- 
scriber loop  of  Figure  1 with  ^ = 15  kft 
for  ranges  of  unbalance  parameters  of  the 
wire  pair.  Variations  with  the  standard 
deviation  of  capacitive  unbalance,  o^, 

are  given  In  Figure  6.*  For  these  curves, 
the  standard  deviation  of  the  resistive 
unbalance,  is  kept  fixed  at  = 2.2 

fl/ml  (chosen  as  a representative  value  of 
resistive  unbalance);  the  means  of  both 
unbalance  distributions  are  aero. 

For  the  = 200  pF/kft  curve,  the  80  per- 
centile point  corresponds  to  a loop  bal- 
ance of  73  dB.  This  means  that.  If  the 
wire  pairs  have  the  unbalance  statistics 
which  correspond  to  this  curve  (o^,  = 200 

pF/kft,  Op  = 2.2  n/mi),  then  802  of  the 
circuits  can  be  expected  to  have  loop 
balances  that  are  less  than  73  dB  for  the 
assumed  "canonical"  power  spectrum. 

The  cumulative  dlstrllutlons  of  Figure  6 
are  used  to  plot  the  percentile  curve  of 
Figure  ?.  These  curves  give  the  varia- 
tions in  loop  balance  statistics  with 
variations  in  the  standard  deviation  of 

the  capacitive  unbalance  for  a fixed  o„ 

n 

of  2.2  n/ml . For  example,  the  median  (50 
percentile)  value  of  loop  balance  varies 
from  69  dB  to  63  dB  as  varies  from 

50  pF/kft  to  250  pF/kft;  the  10  percentile 
value  goes  from  62  dB  to  56  dB  over  the 
same  range  of  values. 

Variations  with  the  standard  deviation  of 
the  resistive  unbalance  are  given  in  Figure 
8.  For  these  cumulative  curves  is  kept 

fixed  at  120  pF/kft  (chosen  as  a repre- 
sentative value  of  capacitive  unbalance), 
while  the  means  of  the  unbalance  dlstribu- 
^ ions  are  again  r.ero.  The  percentile 
’ n-ves  for  those  cumulatives  are  plotted 
ir.  Figure  9. 

The  sta'lsilcs  of  loop  balance  presented  In 
Flgjrer  6 through  9 are  summarised  In  Table 
1.  Included  in  this  table  are  the  computa- 
i !''ns  ’f  the  means  and  standard  deviations 
of  loop  balance  for  the  indicated  unbalance 
parameters . 

Tw'  examples  are  presented  here  which 
illustrate  the  balance  numbers  which  are 
typical  for  a 15  kft  wire  pair  with  uni- 
formly distributed  unbalances  and  under 
uniform  exposure.  These  balance  numbers 


» , 

All  distributions  in  Figures  6 through  10 

are  C-message  weighted. 


will  be  compared  to  those  computed  In  the 
next  section  where  the  unbalances  are  not 
uniformly  distributed,  but  are  due  to  the 
random  splicing  of  several  cable  reels. 

For  both  examples  the  standard  deviation 
of  the  resistive  unbalance  Is  chosen 
to  be  2.2  n/mlle.  A standard  deviation 
of  117  pF/kft  (capacitive  unbalance) 
yields  median  and  10  percentile  balance 
numbers  of  67  dB  and  60  dB,  respectively. 
If  the  capacitive  unbalance  Is  Increased 
to  180  pF/kf t , the  median  and  10  percen- 
tile balance  numbers  are  reduced  to  65  dB 
and  58  dB,  respectively. 

Unbalance  Statistics  of  an  Installed, 
Multl-Segmented  Cable 

The  unbalance  statistics  for  multipair 
cables  presented  in  the  previous  section 
are  for  reels  of  cable  right  off  the 
production  line.  The  changes  that  can 
occur  when  reels  of  cable  are  spliced 
together  In  a field  installation  is  the 
subject  of  the  present  section.  The 
section  will  conclude  with  a comparison 
of  the  theory  with  experimental  measure- 
ments made  when  new  reels  of  cable  were 
installed  at  North  Madison,  Connecticut. 

When  color-coded  wire  pairs  from  consecu- 
tive manufacturing  runs  are  spliced 
together,  there  Is  a tendency  for  the 
uniformity  of  the  cable  parameters,  in- 
cluding unbalance,  to  be  maintained. 
Uniformity  of  cable  properties  would  make 
It  difficult  to  distinguish  this  com- 
posite cable  from  one  made  during  a single 
continuous  manufacturing  run.  The  un- 
balance statistics  given  In  the  last 
section  could  then  be  used  for  the  spliced 
cable;  i.e.,  statistical  properties  such 
as  the  standard  deviation  of  resistive 
unbalance  In  fi/mi  would  not  change. 

On  the  other  hand.  If  the  reels  of  cable 
are  completely  Independent  of  one  another, 
splicing  them  together  tends  to  cancel  out 
unbalances  from  reel  to  reel.  The  un- 
balance statistics  of  the  composite  length 
of  cable  are  better  than  for  a single 
reel  length. 

This  Is  shown  In  Appendix  C where  N equal 
and  independent  reel  lengths  are  spliced 
together.  Each  reel  of  cable  Is  assumed’ 
to  have  the  same  unbalance  statistics, 
e.g.,  normally  distributed  resistive 
unbalance  with  mean  equal  to  zero  and 
standard  deviation  equal  to  o (n/ml).  It 
Is  shown  that  the  resistive  unbalance  for 
the  total  cable  length  (In  n/mi)  is  also 
normally  distributed  with  meati  equal  to 
zero;  h never,  the  standard  deviation  of 
the  composite  cable,  Oj^,  is  now  given  by; 
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r The  standard  deviation  (or  the  spread)  of 

I the  resistive  unbalance  is  reduced  by  a 

[ factor  equal  to  the  square  root  of  the  num- 

f ber  of  cables  spliced  together. 

; A computer  program  was  developed  to  deter- 

mine the  improved  balance  due  to  splicing 
of  cable  reels.  This  program  was  applied 
to  one  of  the  two  examples  discussed  in  the 
previous  section.  The  results  are  shown  in 
Figure  10  and  are  summarised  in  Table  2. 

The  total  cable  length  in  each  case  is 
15  kft.  consisting  of  .N'  random  segments 
of  equal  length.  Note  that  the  first  few 
randomizations  are  the  most  effective  in 
Improving  the  loop  balance. 


TABLE  2 


Improved  Balance  Due  To  Random  Splicing* 


Tot.al  cable  length  in  each  case  is  15  l<ft 
consisting  of  .’J  random  segments  of  equal 
length.  For  each  segment,  o„ = 117  pF/kft 
and  o = 2.2  Jl/mi  . 

n 


For  the  reels  of  cable  not  completely 
independent,  o.j  will  lie  between  these  two 
values: 


A few  general  statements  can  be  made  about 
the  manufacture  and  installation  of 
different  types  of  cables.  One  would 
expect  complete  independence  for  spliced 
reels  of  PFI.F  cable'  because  it  is  not 
nornaily  color-coded.*  Since  cable  reels 
are  often  selected  from  tlie  cable  yard 
more  or  less  at  random  to  fill  a custo- 
mer's order,  one  would  also  expect  inde- 
pendence of  cable  reels  in  the  manufacture 
and  Installation  of  most  PIC  and  water- 
proof cable. 

Some  degree  of  Independence  m.ay  even 
result  because  of  the  manufacturing  pi’o- 
cess.  An  example  of  one  randomizing 
mechanl.sm  is  the  periodic  replacement  of 
spools  of  twisted  p.airs  (only  about  five 
reels  of  cable  can  be  made  from  one  set  of 
spools).  It  may  be  possible  to  assume  a 
high  degree  of  independence  for  all  reels 
of  cable. 

I p lication  to  North  Madison,  Connecticut 

A new  No.  2 ESS  office  was  Installed  in 
North  Madison,  ConnecticutS  to  serve  the 
extremities  of  three  existing  step-by-step 


The  two  cases  described  above  yield  the  « 

extremes  in  ‘■.he  v.aluos  of  the  standard  Bumile  identification  by  color-coding 

deviation,  o,.,  for  the  composite  cable.  does  not  alter  the  situation. 
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ofi’lces  (Gullfot'd,  Madison  and  Clinton). 

Two  new  UNICAUCE  (26  gauge),  cable  runs 
wei’e  Installed  In  the  east  and  west  direc- 
tions from  tlie  ESS  office  to  meet  up  with 
existing  cable  runs  to  N.  Clinton  and 
N.  Guilford,  respectively.  Each  of  these 
new  cable  runs  was  approximately  *4.5  miles 
In  length. 

Before  cutover  of  the  new  office,  trans- 
mission measurements  were  made  on  the  new 
cable  runs.  In  particular,  loop  balance 
measurements  were  made  using  very  well- 
balanced  CO  terminations,  so  that  the  data 
were  Indicative  of  the  balance  of  the 
wire  pairs  alone. 

Since  some  limited  I’eslstlve  unbalance  data 
were  available  from  the  N'.  Clinton  cable. 

It  was  this  cable  which  was  chosen  for 
analysis.  The  standard  deviation  of  the 
resistive  unbalance  was  found  to  be  O.Sh 
Jl/ml , a factor  of  about  2.6  smaller  than 
the  expected  unbalance  for  this  type  of 
cable.  It  Is  assumed  that  ‘his  factor  Is 
due  to  the  random!  bat  ion  process  discuss-»d 
In  the  previous  section.*  Although  no 
capacitive  unbalance  data  w-re  taken  at 
.'iorth  Madison,  ort'  would  expect  a similar 
randomisation  In  the  capaci'lvo  unbalance 
statistics.  The  computer  prorram  for 
random  splicing  of  cable  reels  was  applied 
to  the  li.  Clinton  cable.  The  cu.mi;latlv9 
distribution,  assuming.  7 randen  segments. 

Is  plotted  In  Figure  11.  Also  show;;  in  the 
figure  Is  the  cumulative  dlstr Ibu;  Io;i  of 
the  measured  values  of  loop  balance  for  a 
randomly  selected  sample  of  57  out  of  a 
total  of  600  subscriber  lines.  The  agree- 
ment between  the  measured  balance  data  and 
loop  balance,  as  predicted  by  the  model, 
is  excellent  . 

Concluding  Remarks 

A model  Is  developed  for  determ.lning, 
subscriber  loop  balance  due  to  fixed  resis- 
tive and  capacitive  unbalances  of  the  wire 
pair.  The  terminations  at  the  CO  and 
customer  locations  are  assumed  to  be  per- 
fectly balanced. 

A Monte  Carlo  approach  Is  then  used  to 
generate  statistical  data  on  loop  balance 
for  normally  distributed  resistive  and 
capacitive  unbalances  of  the  wire  pair. 
Subscriber  loop  balance  statistics  are 
given  for  a range  of  the  unbalance  para- 
meters . 


F 

For  complete  Independence  of  the  Indivi- 
dual reels  of  cable,  /’J  = 2.6  or  .‘J  = 6.8. 
This  suggests  that  perhaps  6 or  7 reels 
of  cable  were  used  for  this  cable  run. 
This  Is  consistent  with  the  fact  that  the 
average  distance  between  .splice  polnt.c  Is 
less  than  one  mile. 


Two  examples  are  presented  which  Illus- 
trate the  balance  numbers  which  are  typ- 
ical for  a 15  kft.  wire  pair  with  unifor- 
mly distributed  unbalances  and  under 
uniform  exposure.  For  both  examples  the 
standard  deviation  of  the  leslstlve 
unbalance  is  chosen  to  be  2.2  f!/mile.  A 
standard  deviation  of  117  pF/kft  (cap- 
acitive unbalance)  for  the  first  example 
yields  median  and  10  percentile  balance 
numbers  of  67  dB  and  6o  dP,  respectively. 
If  the  capacitive  unbalance  is  increased 
to  180  pF/kft , the  median  and  10  percent- 
ile balance  numbers  are  reduced  to  65  dB 
and  58  dB,  respectively. 

Cable  unbalance  statistics  are  given  for 
reels  of  cable  right  off  the  production 
line.  It  Is  shown  that  these  are  worst 
case  numbers.  When  reels  of  cable  are 
spliced  together  In  an  installation, 
unbalances  lend  to  cancel  out  from  reel 
to  reel.  The  unbalance  statistics  of  the 
composite  length  of  cable  are  better  than 
for  a single  reel  length.  If  o (Sl/ml  ) 

Is  the  standard  deviation  for  a single 
reel  length.  It  Is  shown  that  the  standard 
deviation  of  a composite  cable  of  N equal 
and  Independent  reel  lengths,  a.,  (fi/ml). 

Is  :'lven  by;  ‘ 


A computer  program  was  developed  to  deter- 
mine the  improved  balance  due  to  random 
splK'Ing  of  cable  reels.  This  program 
was  applied  to  one  of  the  two  examples 
discussed  above.  For  twelve  random 
segments  the  median  and  10  peroe;itile 
balatice  numbers  for  a capacitive  un- 
balance of  117  pF/kft  improve  to  76  dB  and 
70  dP,  i-espect  Ively  . 

The  techniques  developed  In  this  paper  are 
used  to  analyse  loop  balance  measurements 
made  on  new  cable  Installed  at  North 
Maiilson,  Connecticut.  Excellent  agreement 
Is  obtained  between  measured  balance  data 
and  balance  predicted  by  the  model. 

A final  comment  Is  In  order:  The  wire 
pair  Isa  well-balanced  component  In  the 
subscriber  loop.  It  has  been  mentioned 
how  imbalances  at  the  customer  location, 
.such  as  carbon  block  leakage  resistances 
and  party  line  ringers,  can  seriously 
degrade  service.  Unbalances  at  the  CO, 
esi'eclally  the  battery  supply  relay,  can 
be  eve!i  worse  offenders. 

The  balance  achieved  by  the  wire  pair, 
with  perfectly  balanced  terminations  at 
both  ends,  can  t'O  considered  to  be  the 
ultimate  or  limiting  balance  of  the  sub- 
scriber loop.  Fsed  as  a standard  of 
excellence,  it  l.s  Important  to  have  the 
balance  of  the  wire  pair  as  high  as 
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possible.  This  is  necessary  to  maintain 
the  present  high  quality  of  subscriber 
loops.  And  It  will  be  even  more  Important 
In  the  future  as  the  indlctlve  environment 
becomes  Increasingly  hostile. 
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Appendix  A 

Solution  of  the  Wire  Pair 
Differential  Equations 

The  matrix.  A,  of  equation  (2)  is  a con- 
stant matrix, and  e^  Is  the  state  transition 
matrix  of  the  differential  equations  (1). 
Because  of  the  form  of  A,  the  solution  of 
the  determinant  |(A-XI)|  = 0 for  the 
eigenvalues  of  A,  yields  eigenvalues  Tf  the 
form  xX^,  iX^. 

Since  every  matrix  satisfies  its  character- 
istic equation  (Cayley-Hamllton  Theorem), 
any  power  of  A can  be  realized  as  a linear 
cot.blnation  of  I,  A,  A^,  and  A\  in 
which  case 


.AC  , 


m=0 


(Al) 


m=0 


But  ±X  , and  t\  satisfy  (Al)  by  definition; 

hence  the  a (C)  satisfy 
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cosh  XjC  - cosh  Xj^S 


X^-X^ 


(A3b) 


(A3c) 


33(0 


XjSlnh  X^',  - X^slnh  X^C 


X 


1^2(^^^^) 


(A3d) 


The  characterisation  of  a wire  pair  is 
now  complete  since 
3 


^ a^(OA'' 


(Al)) 


rT«=0 

and  the  column  vector 


e'A^  E(X)dx 


(A5) 


can  be  determined  for  suitably  chosen 
E(X). 


Appendix  B 
C-Message  Weighting 

Noise  at  some  frequencies  Is  more  dis- 
turbing to  the  subscriber  than  at  others. 
The  C-niessage  weighting  curve  is  a 
measure  of  the  difference  of  the  combined 
response  of  the  human  ear  and  the  tele- 
phone set  to  noise  at  different  fre- 
quencies. The  curve  peaks  at  1000  Hz, 
making  this  frequency  the  most  disturbing 
to  f.he  subscriber.  It  falls  off  at  lower 
frequencies  so  that,  for  example,  a 200  Hz 
tone  of  a given  power  Is  25  dB  less 
disturbing  than  a 1000  Hz  tone  of  the  same 
power.  The  fall-off  is  less  rapid  at  fre- 
quencies above  1000  Hz  — to  -3  dB  at 
3000  Hz,  and  to  -30  do  at  5000  Kz. 

A factor,  X(f,  ),  based  on  the  C-message 
curve,  is  defined  In  order  to  appropri- 
ately weight  the  single  frequency  metallic 
and  longitudinal  voltages: 
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/~n 

yz 


and 


With  this  assumption 

= fjR^. 

The  percent  resistive  unbalance  of  the 
composite  cable  is  then  given  by 


X(f,)vj;(f^). 


ARm  1 / 

X 100  = n — — — X 100  1 + • •• 

\ ^ 


where  the  1 index  runs  over  the  single 
frequencies  and  the  metallic  and  long- 
itudinal voltages  already  computed  at  these 
frequencies . 


+ 1001. 


The  C-message  weighted  balance  number  is 
then  defined  as  follows: 


BAL(dB,  C-message)  = 20 


This  balance  number  is  frequency-indepen- 
dent  and  is  more  representative  of  the 
effective  noise  at  the  customer's  tele- 
phone set  than  the  single  frequency 
result . 

Appendix  C 

Unbalance  Statistics  of  an 
Installed.  Multi-Segmented  Cable 

A total  of  N reel  lengths  of  cable  are 
spliced  together  to  make  up  a composite 
cable.  Let 

ARi  = resistive  un- 

balance of  the  i'"^  cable  section 
in  n/ml , and 

Rj  = average  resistance  for  a single 
wire  of  the  l*'^  cable  section  in 
n/ml . 

Tlien  the  total  resistive  unbalance  of  the 
composite  cable  is  given  by: 

ARt=  (Ri,-Rii)MR2,-R2i)  - ...  MR.,2-R,i) 

Also,  the  average  resistance  of  a single 
wire  through  the  composite  cable  is  given 
by : 


Rt  = Ri  + ^2  ^ ^ R., 


But  each  of  the  bracketed  terms  on  the 
right  (excluding,  for  the  moment,  the 

factor  is  just  the  percent  resistive 
unbalance  of  a wire  pair  from  a single 
reel  of  cable.  Considered  as  random 
variables,  these  terms  are  normally  dis- 
tributed with  zero  means  and  standard 
deviations,  o^. 

The  random  variable  Is  still  normally  dis- 
tributed upon  nut . Ipl Icatlon  by  the  factor 
1 

jr  . The  new  means  are  again  zero,  but  the 

standard  deviations  are  now  ^ o . 

N 1 

Finally,  the  sum  of  normally  distributed 
random  variables  (as  given  by  the  last 
equation  above)  is,  itself,  normally 
distributed.  The  mean  of  the  sum,  in 
the  present  case,  is  again  zero.  The 
standard  deviation  of  the  sum,  o„,  which 
is  now  the  standard  deviation  for  the 
composite  cable,  is  given  by: 

■ (Vi  * (jti  • 

Assumption  2 : The  standard  deviations  of 
the  individual  cable  sections  are  equal, 
i.e.,  o^  - “ •••  - 

With  this  assumption: 


■ ■ (»)' 


and 


Assumption  1:  The  average  resistance  of 
each  cable  section  are  equal,  I.e.,  R,  = 
R,  “ •••  = This  would  be  true,  elg.. 

If  the  sections  were  of  equal  length  and 
the  same  gauge. 


11 

/N 
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FIG.  6 CUMULATIVE  DISTRIBUTIONS  - VARIATIONS 
WITH  STANDARD  DEVIATION  OF  CAPACITIVE 
UNBALANCE 
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FIG.  7 STATISTICS  OF  LOOP  BALANCE  AS  A 
FUNCTION  OF  STANDARD  DEVIATION 
OF  CAPACITIVE  UNBALANCE 
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ABSTRACT 

IEEE  Standard  Number  455-1976,  "Standard  Test 
Frocedure  for  Measuring  Longitudinal  Balance  of 
Telephone  Equipment  Operating  in  the  Voice  Band", 
was  developed  to  determine  performance  cliaracter- 
istics  of  various  components  comprising  the 
telecommunications  system.  It  was  found  t)iat  a 
relationship  exists  in  a given  cable  between 
longitudinal  iinbalai’.ce , capacitance  unbalance  to 
ground,  and  resistarxe  unbalance  measurements. 

Measurement  of  resistance  unbalance  a:;d  capaci- 
tance unbalarice  in  paired  communications  cable 
has  often  resulted  in  controversies  between 
manufacturers  and  purchasers.  Resolution  of 
these  problems  often  leads  to  considerable  effort 
and  expense  which  could  be  better  utilised  else- 
w^-.ere.  If  such  controversies  could  be  reduced 
ever^.'bodjr*  would  benefit. 

Measurement  of  capacitance  unbalaixe  co  gro’und 
requires  expensive  equipment  operated  by  a 
skilled  technician.  Some  of  the  equipment  is 
designed  for  laboratory  use  ai;d  is  nut  entirely 
suitable  for  field  measurements.  As  a result 
questions  are  often  raised  relative  to  the  valid- 
ity of  field  measurement  results. 

Results  of  longitudinal  balance  tests  or.  cable 
have  been  accurately  converted  to  capacitarxe  to 
grou.nd  a-nd  resistance  unbalance  values.  Inclusion 
of  ob,1ective  values  for  longitudir.al  balance  in 
cable  specifications  could  reduce  occurrence  of 
the  controversies  discussed  above.  All  testing, 
botb.  in  the  manufacturing  plant  and  in  the  field 
would  adJiere  to  a standardized  method,  Tl.is 
would  improve  communications  and  help  eliminate 
misunderstanding,  Since  the  test  set  is  direct 
reading  and  does  not  require  either  the  time  or 
skill  needed  for  a wtxatstone  bridge  or  capaci- 
tance unbalance  bridge  It  could  be  a valual  le 
quality  control  tool  in  the  ma.nufacturing 
facility. 


INTRODUCTION 

Early  in  1976  RP'A  personnel  began  to  measure 
various  telephone  system  components  using  the 
method  described  In  rcEK  Standard  455-19'^6.  The 
ob,iectl*/e  of  the  measurements  was  to  compare 


results  from  the  IEEE  method  with  t}iOse  of  the 
method  for  measurement  of  longitudinal  unbalance 
previously  recommended  by  REA,  A project  was 
also  started  to  compare  results  of  longitudir.al 
balance  measurements  on  cable  in  the  field  with 
the  noise  performance  of  the  cable.  Since  it  was 
not  possible  to  access  both,  ends  of  installed 
cable  the  field  measurements  were  made  using  a 
one-port  mode  of  measurement.  The  far  end  of  the 
pair  w'as  open  circuited  for  the  shunt  measure- 
ments ar.d  short  circuited  and  grounded  for  series 
measia*ements. 

Measui'ements  of  capacitance  unbalance  to  ground 
ai:d  resistance  unbalarxe  were  also  made  at  each 
locatior..  Comparative  analysis  of  recorded 
results  from  the  tests  indicated  a direct  rela- 
tionship between  the  one-port  longitudir.al 
balance  open  and  sh.ort  circ'.:ited  measu.rements 
and  capacitarxe  to  ground  ai'.d  resistaixe  ur.bol- 
arxe  rrxasurcments.  Investigation  was  initiated 
to  determ.ine  if  measurement  of  longitudinal 
balance  of  cable  might  provide  a practical  method 
for  proving  cable  coriformarxe  with  applicable 
specifications. 

Tliere  are  benefits  that  may  be  derived  from  using 
the  standard  metl.od  for  measurement  of  longitud- 
inal balance  in  cable  measurement.  First,  the 
equipm.cnt  for  making  longitudinal  balarxe  measiu*e- 
ments  is  less  expensive  than  equipment  for  miaking 
direct  measuremer.t  of  capacitarxe  and  resistance 
unbalance . 

Fecond,  equipment  for  measurement  of  longitudinal 
balance  is  direct  reading.  As  soon  as  the  cable 
pair  is  connected  to  the  sending  port  of  the  set 
with  the  far  end  either  open  circuited  or  short 
circuited  and  groiu.ded  the  ma»:nitude  of  longitud- 
inal balarxe  ii.  decibels  can  be  read.  Tl.ere  is 
no  requirement  for  balancing  a bridge  as  is 
necessar:,'  with  conventional  equipment  for  measure- 
ment of  the  two  parameters.  Therefore  longitudin- 
al balance  can  be  accurately  measured  by  an 
operator  having  less  skill  than  is  required  with 
the  conventional  equipment. 

Tliird,  ure  of  the  longitudinal  balance  test  set 
could  pro^^ldc  a powerful  tool  for  quality 
assurance  testing.  Results  may  be  obtained  in 
less  time  than  is  required  with  bridge  equipment 
now  used.  lix  economics  of  viuality  assurance 
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testing  is  alwaj'^s  an  tmporteint  manufacturing 
consideration. 

A strong  point  in  favor  of  adopting  longitudinal 
balance  tests  for  cable  is  the  possible  elimina- 
tion of  differences  of  opinion  between  the 
purchaser  and  manufacturer  of  cable  after  delivery. 
The  source  of  these  differences  is  often  a question 
of  the  validity  of  measurement  results  provided 
by  the  purchaser.  The  question  of  validity  is 
usually  due  to  the  complexity  of  the  measurement, 
especially  measurement  of  capacity  vnbsilance. 

Use  of  a direct  reading  test  set  would  remove  the 
complexity  from  the  measurement.  Both  manufactur- 
er and  purchaser  would  be  speaking  the  same 
language  because  results  of  measurements  would 
be  obtained  in  the  same  v^ay  with  the  same  test  set, 
Trav-el  and  remeasurement  to  confirm  validity  of 
data  could  thus  be  reduced. 

DATA  AIIALYSIS 

First,  it  is  desirable  to  establish  the  direct 
relationship  between  results  of  longitudinal 
balance  measurements  (far  end  open  circuited  and 
short  circuited  grounded)  and  capacitance  and 
resistance  unbalance  measurements.  The  following 
discussion  will  develop  this  relationship.  All 
measurements  of  capacitance  unbalance  to  ground 
one-port  short  and  one-port  open  circuit  longi- 
tudinal balance  were  made  with  all  other  pairs  in 
the  cable  grounded  and  thus  at  the  same  potential 
as  the  shield.  This  procedure  was  used  because 
most  cable  specifications  have  capacitance  to 
ground  objectives,  .‘U.1  longitudinal  balai'.ce 
measurements  were  made  at  pOO  Herts  to  satisi^'  the 
desijre  of  the  IEEE  that  measurements  be  made  at  a 
harmonic  of  cO  Herts.  Capacitance  unbalance  to 
ground  measurements  were  made  at  1000  Hertz. 

Derivation  of  the  longitudinal  balance  equation 
is  shown  in  Appendix  A.  Unbalance  values  liave 
been  computed  with  the  equation  for  ^,99^  feet  of 
22  gauge,  plastic  insulated.  Jelly  filled  cable. 
Computations  are  based  on  100  pF^kf  capacitance 
to  ►rround  unbalance  and  O.IU  ^kf  resistance 
unbalance . 

'.raphlc  Analysis 

There  are  several  methods  for  analyzing  results 
from  longitudinal  balaiice  measurements  of  cable 
pairs.  The  method  chosen  will,  to  some  degree, 
be  determined  by  the  objectives  being  pursued, 

Tlie  simplest  method  is  to  establish  a tninimiun 
lalance  objective  for  satisfactory  operational 
performance.  All  results  are  then  compared  to 
this  objective, 

Avcra#-:ing  results  in  decibels  will  not  provide  the 
same  results  as  avera^'lng  actual  values  of  capaci- 
tance and  resistance  unbalance,  TTie  purpose  of 
this  paper  is  to  establish  the  relationship  between 
one-port  longitudinal  balance  (shunt  and  series) 
measurements  and  capacitance  and  resistance 
unbalance.  Ho  attempt  will  he  made  to  establish 
the  best  method  of  statistical  analysis. 

Once  the  decibel  unbalance  is  calculated  for  a 


single  unbalance  such  as  100  pF/kilofoot  for 
capacitance  unbalance  to  ground  or  0.1  Q ^'kllofoot 
for  resistance  unbalance  the  other  values  for 
that  length  cable  may  be  found  graphically. 
Establish  this  point  (either  capacitance  or  resis- 
tance) on  serai-log  paper.  When  plotting  capaci- 
tance unbalance  the  lOpF  point  will  be  20  dB 
< higher  and  the  1000  pF  point  20  dB  lower.  With 
resistance  unbalance  the  0,01  point  will  be  20  dB 
higher  and  the  Ifi  point  will  be  20  dB  lover. 

Figure  3 shows  the  plot  for  capacitance  unbalance 
of  the  ^,998  foot  reel  of  cable  for  which  -mlues 
have  been  calculated  in  Appendix  A,  Figure  U 
shows  the  plot  for  resistance  unbsilaiice  of  the 
same  reel.  Results  of  measurement  of  capacitance 
to  ground  and  resistance  unbalance  on  twenty-five 
pairs  of  this  cable  have  been  plotted  on  these 
figures  to  show  the  excellent  fit  between  calcu- 
lated and  actual  values. 

Analysis  From  Computed  Balance  for  Cable  Length 

The  same  information  can  be  obtained  mathematic- 
ally, rapidly  and  accio'ately.  Wien  the  decibel 
balance  has  been  calculated  for  a given  length 
of  cable  having  a lOOpP/kllofoot  unbalance,  capa- 
citance unbalance  to  grour.d  can  be  derived  from 
measured  results  of  one-port  shunt  (open  circuit- 
ed) longitudinal  balance  measurements  with  the 
equation: 


Where : 

Cu  ' Capacitance  unbalance  in  pF''kf 

- Longitudinal  balar;ce  for  100pF''kf  in 
(dB/20) 

X2  Measured  longitudinal  balance  in 
(dB’^20) 

Resistar.ee  unbalance  for  the  total  cable  length 
has  been  used  as  a reference  since  in  manufactur- 
ing plants  it  is  usually  obtained  by  measuring 
tV.e  tip  and  ring  conductors  and  computing  tb.e 
difference,  Tlie  percentage  is  then  calculated 
and  compared  to  specification  requirements.  Wlicn 
the  decibel  balance  has  been  calculated  for  a 
given  length  of  cable  having  a 0.1  ohan 'kilofoot 
u,nbalance,  resistance  unbalance  for  the  total 
length  may  be  derived  from  measured  one-port 
series  (short  circuited  and  grounded)  longitud- 
inal balance  wit},  the  equation: 


WT'.ere : 

Ry  = Resistance  unbalar'.ce  of  total  let'.gth 
I « Cable  length  In  kilofect 
X2  - Measured  longitudinal  balance  ii. 
(dB^20) 

X3  - Longitudi’.ial  balance  for  0.1  iT  'kf  in 
(dB/20) 

There  is  a simple  method  for  colculatirv  the 
resistance  unbalance  from  the  short  circuit 
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grounded  measurement.  Since  the  shunt  impedance 
(tip  to  ring)  is  the  same  as  the  open  circuit 
impedance  it  is  much  higher  than  the  conductor 
resistance.  An  equation  based  on  conductor 
resistance  only  can  be  developed  since  frequency 
does  not  affect  the  results.  This  formula  is: 


Ru 


(363 

(368  3 


(3) 


Where ; 

RU  = Resistance  unbalance  total  length 
R ♦ Average  loop  resistance /2 
Xg  - Measured  longitudinal  balance  In 
(dB/20) 


tation  of  Zqc  "sc  longitudinal  balance 
would  be  required  for  each  new  length  of  cable 
to  be  measured.  This  would  make  it  difficult 
to  work  with. 

Analysis  From  Longitudinal  Palance  for  One 
Kilofoot  I./ength 

N'o  convenient  and  simple  formula  has  been  found 
for  a-nalysis  of  results  from  measured  sl'.unt  and 
series  longitudinal  bala;-,oe  when  the  decibel 
balance  for  a one  kilofoot  cable  length  is 
known.  Formulas  have  been  developed  for  approxl 
mating  these  values  with  reasonable  accuracy. 
Accuracy  of  these  approximations  of  less  than 
1 percent  error  holds  to  6.5  kilofoot  maximum 
cable  lengths  for  all  cable  gauges. 


Tables  1 and  2 show  the  measured  shunt  and  series 
longitudinal  balance  respectively  for  twenty- five 
pairs  of  the  *+,998  foot  cable  for  which  calcula- 
tions have  been  included  in  this  paper.  Actual 
measured  capacitance  to  ground  and  resistance 
unbalance  are  also  shown  together  with  calculated 
valueu  from  formulas  (1),  (2)  and  (3). 

This  method  has  one  undesirable  feature.  Fonpu- 


Beyond  this  length  the  error  increases  radidly 
so  these  should  be  calculated  individually  when 
needed.  The  6.5  kilofoot  maximiim  length  would 
appear  to  cover  the  ma,iorlty  of  th»  cable  length 
manufactured. 

Value  of  capacitance  to  ground  un  be 

found  by  the  equation: 
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Objective  values  for  short  circuit  lorifUtudinal 
balance  measurements  are  different  for  each  cable 
gauge.  Tl'.ere  is  no  change  due  to  frequency  to 
the  maximum  6.5  kilofoot  length.  It  is  necessary' 
to  have  one  reference  balance  for  one  kilofoot  of 
cable  for  each  cable  gauge.  They  are; 

19  Gauge  71.7  dB 

22  Gauge  72.1  dB 

24  Gauge  72.5  dB 

26  Gauge  73.2  dB 


Pr. 

Meas. 

Meas. 

Calc'd. 

Cu/kf 

Ko. 

dB  Bal. 

Cii/kf 

Ka.  (l^ 

Eq.  (4) 

1 

57.3 

144 

l4l 

l4l 

2 

49.0 

357 

367 

368 

3 

58.8 

124 

119 

119 

4 

54.8 

138 

138 

189 

5 

61.1 

00 

01 

01 

6 

64.8 

65 

60 

60 

7 

59.2 

110 

Il4 

ll4 

8 

59.2 

111 

Il4 

ll4  ■ 

Cl 

59.8 

103 

106 

106 

10 

71.1 

25 

29 

29 

11 

54.2 

204 

202 

202 

12 

50.1 

326 

324 

324 

13 

62." 

71 

76 

76 

l4 

46.3 

472 

473  ■ 

474 

15 

52.5 

24o 

245 

246 

16 

83.0 

0 

7 

7 

17 

59.5 

10( 

110 

llO 

IS 

79.2 

10 

11 

11 

10 

71.2 

34 

20 

29 

20 

62.3 

81 

75 

75 

21 

51.5 

230 

275 

278 

22 

40.7 

343 

339 

339 

23 

68.1 

4o 

4l 

4l 

24 

67.0 

52 

46 

46 

25 

50.3 

287 

290 

299 

NOTE:  Capacitai-.ce  values  in  picofarads 


tabu:  1 


20 

58.4 

.66 

.66 

.66 

.66 

21 

56.5 

.80 

.82 

.82 

.82 

22 

67.4 

.23 

.23 

.23 

.23 

23 

76.7 

.11 

.08 

.08 

.08 

24 

59.1 

.61 

.61 

.61 

.60 

25 

50.8 

1.5^* 

1.58 

1.58 

1.57 

NOTE:  Reslsta-nce  values  in  ohms 
TABLE  2 

COMPARISON  OF  RESISTANCE  UNBALANCE 
MEASUREMENTS  AI.D  CALCULATIONS 


POTEIvTIAL  PROBLENiS 

Even  though  excellent  correlations  have  been 
found  between  results  of  longitudir.al  balance 
and  unbalance  measurements  some  problem  areas 
have  been  detected.  Others  makir.g  tl.ese  same 
measurements  ha’/e  indicated  experiencing  some 
problems  but  have  not  found  the  basic  source. 
Based  on  experience  gained  during  measurement 
of  fifteen  reels  of  cable  at  the  manufacturing 
plants  and  two  reels  at  an  operating  company 
warehouse  the  major  problem  appears  to  be  in 
establishing  the  connection  between  the  test 
equipment  and  the  cable  pair.  Eata  obtal.ned  by 
a fourth  manufactia’er  lias  been  analyzed  and  the 
same  problem  discussed  below  was  detected. 

Eiu-ing  this  series  of  measurements  the  method 
used  at  the  particular  plant  being  visited  for 
faming  and  accessing  the  cable  pairs  was  utili- 
zed. This  was  usually  the  method  used  in  that 
plant  for  quality  assurance  measurements  and 
permitted  the  completion  of  the  required  number 
of  measurements  in  the  allotted  time.  Con- 
nections to  the  pairs  ha'.'e  been  established  by 
plug  and  jack,  switches,  alligator  clip;:  to 
terminal  blocks,  ;ind  alligator  clips  directly 
to  the  cable  conductor. 

Use  of  plugs  ai'.d  Jacks  seemed  to  produce  tl'.e  most 


COMPARISON’  OF  CAPACITANCE  LliBALAIiCE 
MEASUREMENTS  AI.'D  CALCULATION'S 


Ft-.  Meas.  Meao.  Calculated  Rtj/Total 


No, 

dB  Bal. 

Rri/Total 

?;a.  (2) 

bl.  (3) 

Eq.(5) 

1 

.30 

.32 

.32 

.32 

2 

83.4 

.01 

.04 

.04 

.04 

3 

63.2 

.37 

.38 

.38 

.38 

4 

61.5 

.47 

.46 

.46 

.46 

5 

69.7 

.28 

.18 

.18 

.18 

6 

59.“* 

.58 

• 59 

.59 

.58 

7 

57.6 

.68 

.72 

.72 

.72 

8 

64.2 

'.33 

.34 

.34 

.3i» 

a 

58.5 

.65 

.65 

.65 

.65 

16 

54.0 

.97 

• 99 

.99 

.98 

11 

53.1 

1.18 

1.21 

1.21 

1.21 

12 

48.3 

2.00 

2.11 

2.11 

2.10 

13 

63.5 

.36 

.37 

.37 

.36 

14 

65.5 

.28 

.29 

.29 

.29 

15 

52.'’ 

1.24 

1.27 

1.27 

1.26 

16 

55.0 

.96 

.97 

.97 

• 97 

17 

68.4 

.20 

.21 

.21 

.21 

18 

58.8 

.62 

.63 

.63 

.63 

19 

50.6 

.57 

.57 

.57 

.57 

reliable  results  if  care  was  exercised.  Bj- 
twisting  the  plug  slightly  after  insertion  it 
was  possible  to  determine  if  the  connection  was 
solid.  If  it  was  not  the  plug  was  removed  ajid 
cleaned  until  a solid  connection  -was  made.  Even 
then  some  variaLnce  could  be  seen  at  high.  bala:'iOe 
readings  or  low  capacitai.ce  and  resistance  unbal- 
ance readings.  T!ie  problem  could  be  detected 
regardless  of  the  test  being  made.  It  was 
necessary  to  clean  ttie  plug  after  every  four  to 
six  measurements. 

When  switches  -vere  used  it  was  impossible  to 
eliminate  the  problem  completely.  After  exten- 
sive cleaning  indicatio:'  of  poor  connections 
became  q-uite  difficult  to  detect  during  measure- 
ments. Analysis  of  the  data  however  revealed  a 
significant  variation  with  some  of  the  switches 
due  to  poor  cotuiections . 

Use  of  alligator  clips  connected  either  to 
terminal  strips  or  cable  conductors  seemed  to 
produce  good  results  duririg  measurement.  In 
otlier  words  no  -.-arlation  was  readily  detectable 
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during  the  measurements.  When  results  were 
analyzed  there  was  significant  variation  between 
actual  measured  and  calculated  balance  detected 
on  many  of  the  pairs  measured  indicating  poor 
connections. 


It  becomes  evident  that  extreme  care  must  be 
used  wijen  establishing  the  test  connections  to 
cable  conductors.  At  the  voltage  levels  being 
measured  a slight  unbalance  in  the  test  connec- 
tion ca::  produce  a significant  variation  in 
results.  Tiiere  is  a possibility  that  this  same 
problem  is  producing  errors  in  quality  assurance 
tests.  Some  method  needs  to  be  developed  for 
establishing  reliable  connections  to  cable  pairs 
for  test  purposes. 


I 

I 

r 

i 

1 

i 


Another  question  \<hich  has  beer,  raised  is  hov  to 
determine  ivheth.er  the  unbalance  is  on  the  tip  or 
ring  side  of  the  cable  pair.  Most  cable  specifi- 
cations have  a requirement  that  distribution  of 
capacitajice  and  resistance  ’.uibalai.ce  be  random 
between  tip  and  ring  conductors.  Tills  might 
easily  be  determined  in  a longitudinal  balajice 
test  set  designed  to  make  lor.gltudinal  balance 
tests  on  cable.  Tlie  use  of  switches  to  add  a 
verj-  small  capacitaj.ee  between  tip  and  ring  to 
ground  and  a small  series  resistor  in  series  with 
the  tip  and  ring  conductor  would  .quickly  deter- 
mine where  th.e  unbalance  was.  Improvement  of 
longitudinal  balance  wiien  one  of  the  capacitors 
or  resistors  is  switoh.ed  in  would  indicate  th.at 
conductor  (tip  or  ring)  h.as  t.he  lowest  value  of 
the  parameter  being  measured  (capacitance  to 
ground  or  series  resistance). 


COh'CLUSiOKS 


This  paper  has  established  the  relationship  of 
one-port  open  circuited  and  short  circuited 
grounded  longitudinal  balance  measurements  to 
capacitance  to  ground  and  resistai'.ce  unbalance. 
Adoption  of  longitudinal  balance  objectives  in 
cable  specifications  would  permit  the  use  of  a 
direct  reading  test  set  for  both  field  and  lab- 
orator:.'  meas’irements . It  also  has  promise  in 
this  application  of  being  a powerful  quality 
assurance  tool. 


An  importa.-.t  advantage  car.  be  found  vrtien  a pur- 
chaser finds  a need  to  measure  cable  and  discuss 
ti.e  resvilts  with  a ma.nufacturer.  All  tests  would 
have  been  made  in  the  same  test  configuration 
•with  a test  set  meeting  the  IEEE  standard  method. 
This  could  serve  to  minimize  disagreements  ajid 
doubts  on  both  sides  and  result  in  significant 
monetar:,'  savings. 

The  problem  ol'  connecting  of  the  cable  pair  to 
the  test  set  common  to  all  tests  becomes  more 
critical  wiien  ver;,'  low  voltage  levels  are  involved 
and  high  degrees  of  balance  are  to  be  measured. 
Investigation  is  underway  to  determine  how  this 
connection  can  be  established  with  minlmu.m  pro- 
blem. Determination  of  the  conductor  which 
contains  the  -anbalance  does  not  appear  to  be  a 
serious  problem. 


Ho  attempt  is  made  in  this  discussion  to  rol.ate 


results  of  longitudinal  unbalance  to  cable  per- 
formance in  the  field.  In-vestlgation  of  this 
relationship  is  in  progress.  A lot  of  ground 
has  been  covered,  howe-ver,  there  are  still  add- 
itional areas  to  explore.  Gome  tentative  assump- 
tions have  been  made  but  it  is  too  early  to 
present  them. 
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APPEKDIX  A 


LO!;jITUDr.:AL  BALAIICE 


Test  Specimen 

A test  specimen  when  measuring  one-port  longitud- 
inal balance  .may  be  considered  as  a t);ree-termln- 
al  circuit  (tip,  ring  and  ground).  Any  test 
specimen  can  thus  be  represented  by  three  complex 
impedances  in  either  Y or  Delta  form  as  shown 
in  Figure  1. 
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Figure  1 
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Loni^ltudlnal  Balance  Measurement 

The  IEEE  Star.dard  iTlvlng  Test  Circuit  connected 
to  a Y-Form  test  specimen  is  shown  in  Figure  2. 


With  & I2  assumed  as  shown  in  Figure  1,  the 
following  equations  can  be  written: 

11  (Ri  + Zi  * Z3)  = V3  - I2  23 

12  (R2  Zg  + Z3)  = Vg  - Z3  (6) 

Vm  = l2_  Zq^  - I2  Z2 


Combining  equations  (9)  and  (10)  we  get  the 
following  equation  for  computation  of  longitud- 
inal balance  measured  by  the  one -port  mode: 


Balance  in  dB  = 


COlog 


. Ry 

AZ 


(11) 


Cable  Pairs 


The  values  for  Zg  and  Zc  for  the  Delta  form 
may  be  determined  from  the  cable  parariieters  for 
calculation  of  anticipated  longitudinal  balance 
readings.  Sending-end  impedai'.ce  of  a line  with 
the  far  end  open  circuited  is  given  by: 


“OC  = Zq  cothV  f 


/ = yz^  S^/J^CR 


(12) 


Assuming  shunt  conductance  and  series  inductance 
are  negligible,  a reasonable  approximation  may 
be  foiuid  by: 


Solving  these  equations  pro’/ldes  the  Longitudinal 
Balance  Ratio. 


7 
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coth 
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.'JiiCR 


(13) 


Vm  2i  - Z2 

Tlie  equi'/alent  Telta  form  is: 


Where: 
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Some  test  speciments  are  more  readily  studied  in 
Y form  and  others  in  Delta  form.  Cable  as  a test 
specimen  seems  to  fit  best  ’with  the  Delta  form. 
For  convenience  where  comparison  of  a number  of 
samples  is  required,  the  equation  may  be  develop- 
ed further  by  putting: 


Za 

Zb 


Where: 


One  of  fifteen  reels  of  cable  measured  during 
this  Investigation  contained  ^,998  feet  of  100 
pair,  22  gauge,  jelly  filled  plastic  insulated 
cable.  Primary  parameters  were  assumed  to  be 
15.7  nF 'kllofoot  mutual  capacitance  at.d  32.7 
ohms /kllofoot  loop  resistance.  Tests  were  made 
at  900  Hertz. 

Computation  by  equation  (13^  using  these  values 
yields: 


Zoc  - 53. PS  - j 2253.89  ohms 

Zqc  for  a cable  pair  with  100  pF •'kllofoot  unbal 
atice  may  be  computed  using  a value  of  15.6  nF' 
kilofoot  mutual  capacitance.  Computation  by 
equation  (I3)  yields: 


AZ  - Za  - Zg 

7,  , Za  . 73  Zoc  - 53.98  - j 2268.33  = Zg 


2 

Now,  neglecti.ng  (A  7)  terms  this  gives: 


Wliere : 

= 363  ohms  in  ever;,-  case. 

I I 

1 Vm  I 


Tills  second  calculation  is  made  only  to  obtain 
A Z for  use  in  computing  longitudinal  balance  in 
decibels.  Subtracting  the  first  result  from  the 
second  AZ  = 0 - J 14.UU  ohjns. 

Mutual  capacitance  of  a cable  pair  maj-  be  con- 
sidered as  one-half  direct  and  one-half  througli 
grouiid.  The  three  Impedances  of  the  Delta-form 
specimen  may  thus  be  shown  as: 

Za  = Zg  7 Zqc  - 


Balance  in  dB  = 20  log 


(10) 


Z 
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Loni^ltudlnal  Balance  Measurement 

The  IEEE  Standard  Driving  Test  Circuit  connected 
to  a Y-Form  test  specimen  is  shown  in  Figure  2. 


With  & I2  assumed  as  shown  in  Figure  1,  the 
following  equations  car.  be  written; 

II  (Ri  * *■  Z3)  = Vg  - Ig  Z3 

Ip  (Rp  Zp  Z3)  = Vg  - Z3  (61 

Vm  = Iq  Zq^  - Ip  Zp 

Sol’d.ng  these  equations  provides  the  Longitudinal 
Balance  Ratio. 


fl  . ^1  ^ 
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Y form  and  others  in  Delta  form.  Cncle  as  a test 
specimen  seems  to  fit  best  with  the  Delta  form. 
For  convenience  where  comparison  of  a number  of 
samples  is  required,  the  equation  may  be  develop- 
ed further  by  putting: 

Za  = Z 

Zb  = Z 


Where ; 


AZ  =• 
Z = 


Za  - Z-B 
Z^_Z£ 


flow,  neglecting  (AZl  terms  this  gives: 

(iwRi)  0(1..^] 

\ Trl  f Ri  <■  Z^  \ Ri 


Vs  ^ 2Z 
Vm 


AZ 


(9) 


Where: 


Rj^  = 36S  ohms  in  ever/  case. 

IV' s I 

y- 
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Combining  equations  (9)  and  (10)  we  get  the 
following  equation  for  computation  of  longitud- 
inal balance  measured  by  the  one-port  mode: 


Balance  in  dB  = 


eOlog 


2Z 

1+  2i' 
Zgj 

* Rl  w 

Rl_2j 

AZ 

(11) 


Cable  Pairs 


The  values  for  Za,  Zb  and  Zc  for  the  Delta  form 
may  be  determined  ft’om  the  cable  parameters  for 
calculation  of  anticipated  longitudinal  balance 
readings.  Sending-end  impedance  of  a line  with 
the  far  end  open  circuited  is  given  by; 


Zoc  - Zq  cothV  f 


Assuming  shunt  conductance  and  series  inductance 
are  negligible,  a reasonable  approximation  may 
be  fou-nd  by: 

y (13) 

Where: 

R = Loop  resistance ^kf 
C = htitual  Capacitance ’'kf 
f = Length  of  cable  in  kllofeet 
w = 2 X r X frequency 

One  of  fifteen  reels  of  cable  measured  during 
this  investigation  contained  1*,998  feet  of  100 
pair,  22  gauge,  jelly  filled  plastic  Insulated 
cable.  Primary  parameters  were  assumed  to  be 
15.7  nF/kllofoot  mutual  capacitance  ar.d  32.4 
ohmis/kllofoot  loop  resistance.  Tests  were  made 
at  900  Hertz. 

Computation  by  equation  (I3)  using  these  ■.'alues 
yields: 


Zoc  = 53.98  - j 2253.89  ohms  ^ Za 

Zqc  for  a cable  pair  with  100  pF/kilofoot  unbal- 
ance may  be  computed  using  a value  of  15.^  nF/ 
kilofoot  mutual  capacitance.  Computation  by 
equation  (I3)  yields: 

Zoc  = 53.98  - j 2268.33  = Zb 

This  second  calculation  is  made  oiYLy  to  obtain 
AZ  for  use  in  computing  longitudinal  balance  in 
decibels.  Subtracting  the  first  result  from  the 
•second AZ  = 0 - j lU.UL  ohms. 

Mutual  capacitance  of  a cable  pair  may  be  con- 
sidered as  one-half  direct  and  one-half  through 
ground.  The  three  Impedances  of  the  Delta-form 
specimen  may  thus  be  shown  as: 

Za  = Zg  = i.QC  " ^ 
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and 


Zc  = 27.^^  = 2Z 


Balance  equation  (11^  (for  single  port  measure- 
ment) maj-  oe  reduced,  for  application  to  cable 
pairs  with  the  far  end  open,  to; 


Balai'.ce  in  dB  - 201og 


^363)  ^ 3Znc  736 

AZ 


Using  the  values  from  the  first  Zqo  calculation 
above  and AU  in  formula  (lU)  the  anticipated  one- 
port  longitudinal  balance  in  decibels  for  the 
U,998  foot  cable  described  above  with  100  pF/ 
kilofoot  capacitance  ui'.balance  is  found  to  be; 


60.3  dB 


With  the  far  end  of  t!.e  cable  pair  short  cir- 
cuited a.nd  grounded  the  sending-end  impedance  is 
given  by: 


Zsc  = Zq  tach/  t (15) 

As  with  Zqq  shunt  conductance  and  series  induc- 
tance maj'  be  assumed  to  equal  zero.  A reasonable 
approximation  may  be  found  by: 

^sc  =yjwc  ^ 

Substituting  the  same  parameters  used  for  calcu- 
lation of  Zqq  in  formula  (l3)  yields: 

Zgp  = 161.82  - j 3.88  = Za 

Recalculating  for  a cable  pair  with  0.1  ohm ''kilo- 
foot  resistance  unbolaiice  by  setting  the  loop 
resistance  to  32.3  ohms/kilofoot  yields: 

Zsc  = 161.33  - j 3.85  = Zb 

Value  for  AZ  is  now  found  to  be  0.199  - j.023 
ohms. 


The  direct  Impedance,  Zq,  (across  the  pair  tip 
to  ring  without  going  through  ground)  is  the 
same  as  it  was  in  the  open  circuit  case.  It  is 
thus  high  enougl.  to  be  negligible  and  ma^-  be 
neglected  giving; 


Za  = Zg  = Zsc/Z 


The  balance  formula  (11)  (for  single  port 
measurement)  may  no'.'  :e  reduced,  for  application 
to  cable  pairs  witli  the  far  end  short  circuited 
and  grounded,  to: 


Balance  in  dB  = 201og 


/lU72) 


.■i6d 


AZ 


(17) 


The  anticipated  series  longitudinal  balance  in 
decibels  is  now  calculated  by  substituting  the 
values  for  normal  Zgj  (balanced  pair)  and  AZ 
found  above  in  Formula  (12).  For  the  1,998  foot 
cable  with  0.1  olm/kilofoot  resistance  unbalance 
this  is  found  to  be: 


60.8  dB 
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